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Abstract 
 
The main objective pursued by a fire safety strategy defined for a building design is to achieve an 
appropriate safe egress time required by the occupants under any fire scenario. This time must be 
shorter than the fire growth rate, profoundly influenced by the material flammability characteristics 
of building components. As witnessed in recent fire scenarios, this egress time can be severely 
compromised by the flammability of innovative building assemblies that include light and 
combustible materials which are suitable for thermal insulation and provide an easy and affordable 
way to comply with strict energy efficiency building code requirements.  
 
This study analysed the potential conflict between the assessment of thermal insulation and 
flammability characteristics such as the onset of ignition through heat transfer fundamentals. It was 
concluded that material properties like the density needed to control flammability characteristics are 
not evaluated by the current energy efficiency approach adopted by most building policies. By 
addressing this issue, this study focussed on the development of an integrated assessment method to 
attain optimised design solutions from where the best insulating properties for a particular 
geographical location is achieved together with adequate fire safety performance.  
 
The first task to address an integrated assessment approach was to identify sharing quantitative 
parameters relevant to both thermal efficiency and fire performance disciplines by analysing the 
theoretical thermal models available commonly applied to each field. A fire scenario is a temporal 
event, and thus its physics is based on a transient thermal approach where the thermal conductivity, 
the density and the specific heat are significant material properties for evaluation. However, most 
building components are designed on a thermal steady state approach according to prescriptive 
thermal design parameters like the thermal transmittance “U-value” derived from a steady state 
thermal model where thermal conductivity is the only relevant material property. A steady-state 
thermal model is most precise when daily temperature fluctuations remain within a narrow range 
allowing for detail associated with large seasonal temperature variation, such as north Europe. In 
geographical locations, such Australian regions with potentially larger daily (smaller seasonal) 
temperature variations, a steady state approach can introduce significant errors when assessing 
building thermal performance. This study analysed Australian weather data and evaluated both steady 
and transient state model’s parameters on case study Australian prefabricated building component 
systems. It was concluded that introducing transient model thermal parameters like the cyclic 
transmittance “u-value”, and the surface admittance “y-value” a more precise thermal performance 
evaluation is achieved. Furthermore, the definition of these parameters includes all relevant material 
  
properties combined in the form of the thermal inertia needed for material flammability assessment 
allowing for an integrated assessment approach. By using this approach, a quantitative procedure was 
developed to characterise insulating properties under both steady and transient approaches to building 
assembly’s designs using numerical models. A small-scale thermal test procedure was defined to 
analyse both transient and steady-state heat flow processes, allowing for effective numerical fitting 
of parameters that describe all internal heat flow processes. By using this simple experimental thermal 
test set-up, the contribution of each element of an assembly design alternative can be evaluated on its 
overall insulating capabilities including the effect of structural elements acting as thermal bridges and 
construction imperfections, thereby allowing optimised assessment. As a result, the quantification of 
the steady state U-value and the transient state u-value and y-value is achieved delivering average 
values. Also, information can be obtained from specific points in the building assembly to quantify 
the interaction amongst the components for a more detailed insulating capabilities assessment.  
 
Both u-value and y-value analytical definitions include material properties combined in the form of 
thermal inertia as the material flammability analytical expressions do. The integrated assessment 
method continues by including in these analytical expressions the numerical outputs at specific points 
of the building assembly. Thus, it is established a system of non-linear equations that delivers 
apparent thermal inertia values of these points that include the influence of the whole assembly. From 
these parameters, a flammability analysis can be performed for different fire scenarios. It was 
observed that higher energy efficiency u-values and y-values are linked to better material 
flammability characteristics that effectively contribute to the fire safety strategy. Similarly to the 
thermal performance analysis, a small scale fire test approach was defined to support this study where 
the building assembly tested is exposed to higher heat loads.  
 
This study analysed and tested two real-life prefab building assemblies supplied by industry partners 
that challenged the method due to their design complexity. The outcome is presented in this study for 
illustration and procedural validation. Also, conclusions delivered vital information to assist in their 
ongoing design improvement. From the analysis of building design alternatives by using the proposed 
integrated approach and the definition of particular design criteria for thermal efficiency and 
flammability characteristics, an optimal and balanced solution can be achieved.  
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1  Introduction 
1.1  Background to the project - Building energy savings and Building fire safety: 
Consequences of unbalanced building envelope designs 
Gül Koçlar Oral defines the building envelope as the totality of components in a building that separate 
the indoor environment from the outdoors [1]. The concept is illustrated in Figure 1.1. In his work 
Oral focussed on factors such as heat, light and sound to achieve optimum building performance 
regarding occupant comfort conditions by taking building envelope properties such as position, 
dimensions and orientation. Similar definitions can be found in the literature that incorporates a more 
refined description. Keith Boswell defines the exterior building enclosure as the enclosing membrane 
in vertical, sloped, horizontal, or other geometric configurations separating outside elements and 
forces from interior occupied areas [2]. According to Boswell the primary functions of the exterior 
building enclosure are structural, weather tightness, energy efficiency and accommodating building 
movements. In his work Boswell states that building envelope functions are interrelated, and that Fire 
safety has to be considered in the design process. 
 
 
Figure 1.1 Representation of the building envelope (blue coloured) protecting building 
occupants from the exterior elements. Adapted from [3]. 
 
Building envelope systems are made of a series of layers that altogether satisfy the enclosure 
functions. Multiple works in the literature describe the diversity of building systems that can be found 
in the building industry [2, 4]. The concept of multi-layered building system was used by S. Szokolay 
to describe the dynamic thermal response of buildings and explain how the sequence of the layers 
does not affect the thermal resistance “R-value” but other insulating capabilities such as capacitive 
insulation [3]. A simple way to illustrate the multi-layered building systems is presented n Figure 1.2. 
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Figure 1.2 Example of a multi-layered building envelope system. A different configuration of 
materials in an insulated concrete roof slab. Extracted from [3]. 
   
The building design process includes complex decision-making processes involving different design 
areas that must ensure comfortability and safety. During the building components, design stage some 
performance assessments have to be conducted to achieve particular solutions that satisfy building 
occupants’ welfare. Traditionally, the assessment of building component design alternatives has been 
addressed separately [5]. In this sense, there is a risk to accept solutions that are beneficial for one or 
various design aspects but detrimental for another.  
 
During the last decades, the building industry has witnessed numerous changes in building codes and 
standards [6, 7] aimed to establish stricter thermal insulation requirements as depicted in Figure 1.3.  
 
 
Figure 1.3. Thermal performance requirements evolution in Australia from 2003 to 2013. 
Extracted from [8]. 
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Indeed, when a building does not offer enough thermal comfort conditions to the householders, 
Heating, Ventilation and Air Conditioning (HVAC) systems are used. However, these systems are 
high energy consuming unless houses are designed in an energy-efficient way. The research 
community demonstrates that the improvement of the insulating capabilities of both existing and new 
building envelopes offers considerable potential for energy savings [9]. Due to the causal relationship 
between carbon dioxide emissions involved in planet warming and energy consumption, governments 
are changing current building codes to ensure that houses are constructed with energy efficiency as a 
priority.  
 
As a result, there is increasing use of particular construction low-density and combustible materials 
which are suitable for thermal insulation while providing an easy and affordable way to comply with 
energy efficiency requirements [10]. Indeed, Table 1.1 shows common insulating materials used in 
the industry where it can be seen that if a wall is considered to be composed only by an insulating 
material of the list, only those that are combustible would comply with the building code requirement 
according to Figure 1.3 and also they are of similar weight if not significantly lighter. 
 
Table 1.1 Common insulating materials. Data extracted from [11]. 
Insulating materials Thermal Conductivity 
(W/m K) 
Density 
(kg/m³) 
R-value [m²K/W] / 
Thickness = 90mm 
PIR/PUR (Combustible) 0.022 31.2 4.1 
Stone Wool 0.034 33.1 2.6 
EPS (Combustible) 0.031 10.4 2.9 
Phenolic Foam (Combustible) 0.021 38.1 4.3 
 
A very large number of buildings have been built or refurbished using complex multilayered 
construction assemblies such as Rain Screen systems, Exterior Insulating Finish Systems (EIFS) or 
Structural Insulating Panels (SIP). Often, one or more layers of these systems consist of light 
insulating materials that are also combustible such as Expanded Polystyrene (EPS) or 
Polyisocyanurate (PIR) to comply with energy-efficiency requirements [12].  
 
Figure 1.4a and Figure 1.4b illustrate the Rain Screen system case by presenting the Grenfell Tower 
envelope multilayered system. Figure 1.4a describes the system where a thick layer of insulating 
material (yellow coloured area) with a thin reflective layer (blue coloured line) was installed on the 
concrete walls of the building. The exterior plane was made of Aluminium Composite Panels (ACP) 
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that consisted of two thin layers of aluminium with a thin polyethylene core in between to keep most 
of the rain water on the exterior (dark green coloured line). Between the insulation and the external 
cladding, a cavity zone allows air circulation. These approaches can be seen in  Figure 1.4b where 
some cladding of the envelope was removed leaving visible some of the concrete structure, the 
insulation material and the reflective layer. 
 
 
a) b) 
Figure 1.4 Multilayered system in the refurbished Grenfell Tower before the tragic fire. 
Images adapted and extracted from [13]. 
 
Nevertheless, improvements in one field can be in detrimental of another. Even though there were 
over 30 fires in the UK involving building assemblies including high insulating  and combustible 
materials in the 1990s in the last fifteen years there has nevertheless been a dramatic increase in very 
visible building fires involving insulation materials in UK and all over the world, in particular in 
China and Gulf region [14].  
 
These fires have raised questions about the effectiveness of current methods to assess the potential of 
these high energy efficient assemblies to magnify the impact of fire [15]. Buildings present 
vulnerabilities associated with fires that commence in outside areas such as balconies, almost 10% of 
multi-residential buildings fires originated externally, and the damage associated was 2.4 times 
greater loss associated with all other multi-residential structure fires [16]. Numerous fire scenarios 
have been reported: fires in buildings under construction like the Houston Texas Apartment Fire 
(2014), balcony fires such as the Brixton tower fire in London (2016), external fires in Australia such 
as the Docklands Lacrosse apartment Building (2014) [17] and France such as The Mermoz Tower 
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(2013) as shown in Figure 1.5, external fires in the UK such as the Knowsley Heights fire (1991), the 
Garnock Court fire (1999), external and also internal fire such the recent fire at the Grenfell Tower 
(2017), external fires in China such us the Television Cultural Centre in Beijing still under 
construction (2009) and the apartment building in Shangai (2010), and external fires in UAE such us 
the Saif Belhasa  building (2012) and the Torch Tower (2015 and 2017) both in Dubai.  
 
 
Figure 1.5. Mermoz Tower, Roubaix, France 18-storey residential building fire (2012). The 
fire spread on aluminium composite cladding. Extracted from [10]. 
 
Indeed, the fire growth rate estimated for a particular fire event can be severely compromised when 
building components flammability is not adequately considered in the fire design scenario [11, 18]. 
Unexpected ignition of combustible building components could potentially occur if not appropriately 
assessed. Eventually, the sustained flame can be achieved followed by flame spread that ultimately 
could increase the overall fire growth rate. As a result, the estimated time to reach untenable 
conditions for the building occupants (ASET) would effectively be shortened. In this sense, the fire 
safety strategy would be severely compromised since this time could become even lower than the 
time requested (RSET) by building occupants for a safe and complete egress [19].  
 
 
1.2  Identification of the problem - Current prescriptive parameters controlling thermal 
performance and material flammability  
The R-value quantifies the insulating properties of building envelope components under thermal 
steady conditions by Eq. (1), where the thermal conductivity “k” is the unique material property 
deemed together with the thickness “L” of the system and the external and internal surface resistances 
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“Rse” and “Rsi” respectively that can be standardized and tabulated values [20]. The R-value is a 
prescriptive design parameter included in building codes in Australia and America [7, 21]. In Europe, 
building codes use the thermal transmittance “U-value” instead, which is the inverse of the R-value 
[22, 23] and thus expressed as Eq. (2).  
 
 
𝑅 − 𝑣𝑎𝑙𝑢𝑒 =  (
𝐿
𝑘
+ 𝑅𝑠𝑖 + 𝑅𝑠𝑒) 
(1) 
 
 
𝑈 − 𝑣𝑎𝑙𝑢𝑒 =
1
𝑅 − 𝑣𝑎𝑙𝑢𝑒
 
(2) 
However, fire scenarios are particular events that evolve in a short period, so models and parameters 
developed to predict how materials perform under fire conditions are based on a transient thermal 
approach where material properties like density “ρ” and specific heat “c” are the most significant 
parameters together with the thermal conductivity k. 
 
In this sense, relevant material flammability parameters like the ignition delay time expressed for 
most construction materials by Eq. (3) and oppose-flow flame spread velocity by Eq. (4) are strongly 
dependant on these material properties [24, 25] along with the critical temperature to ignition “Tig” 
also characteristic of materials, the initial temperature assumed to be the ambient temperature “Tamb”,  
the incident heat flux “?̇?𝑒
" ” and the energy supplied by the flame to preheat the material “”. The 
significance of these material properties for the estimation of mentioned material flammability 
properties can be observed in Table 1.2. From this data and Eq. (3) and Eq. (4) it can be seen that 
under similar incident heat flux and ambient temperature conditions, a material such a carpet made 
of wool and treated will ignite and the fire will spread faster than hardwood even though the critical 
temperature to ignition is higher. 
 
 
𝑡𝑖𝑔 =
𝜋
4
𝑘𝜌𝑐 (
𝑇𝑖𝑔 − 𝑇𝑎𝑚𝑏
?̇?𝑒"
)
2
 
(3) 
 
 
𝑉𝑠 =  

𝑘𝜌𝑐(𝑇𝑖𝑔 − 𝑇𝑎𝑚𝑏)2
 
(4) 
By comparing Eq. (1) to Eq. (3) and Eq. (4), it can be seen that those combustible materials with low 
thermal conductivities to achieve strict insulating capabilities will ignite rapidly when exposed to fire 
conditions and also will spread faster. Further, this issue becomes worse when the insulating material 
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is light. Hence, material properties like density needed to control flammability characteristics are not 
evaluated by the current energy efficiency approach adopted by most building policies. As a result, 
achievement of required thermal performance could be effective detrimental to building occupants 
safety.  
 
Table 1.2. Ignition parameters. Data extracted from [26]. 
Material Tig (°C) kρc (W2s/m4K2)  (kW2/m3) 
Hardboard 298 1,870,000 4.51 
Carpet (wool, treated) 455 240,000 0.89 
Carpet (wool, stock) 465 110,000 1.83 
Plywood  390 540,000 12.91 
Asphalt shingle 378 700,000 5.38 
Glass-reinforced polyester 400 720,000 4.21 
Polyisocyanurate PIR 445 20,000 4.94 
Rigid foam plastic 435 30,000 4.09 
Polycarbonate 528 1,160,000 14.74 
Acrylic glass PMMA polycast 278 730,000 5.45 
 
 The fact that the fire safety strategy deemed in a building design process can effectively be 
compromised by construction materials with high insulating capabilities demonstrates that the work 
currently performed to control appropriate levels of building energy efficiency, comfort and safety is 
still deficient.  
 
 
1.3  Overall aim of the research 
With current energy efficiency prescriptions, the overall building design flexibility is reduced because 
it only allows the possibility to choose materials considering low values of thermal conductivity. 
Then, the risk of building constructions failures is increased because by supressing material properties 
that have an impact on other disciplines, such as the density of construction materials. As a result, 
alternative construction materials with good fire performance due to higher density cannot be easily 
used.  
 
In this regard, codes updated to produce more energy-efficient buildings also have the duty to 
maintain comfort and safety, but as witnessed in the mentioned fire scenarios there is still a need to 
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investigate and to develop performance assessment methods capable of delivering balanced design 
solutions so that optimal design solutions can be achieved. Thus, a holistic design approach should 
be adopted to combine different building design disciplines through common design parameters and 
leverage these commonalities for better building outcomes. 
 
Both building thermal-efficiency and fire performance are disciplines based on heat transfer 
fundamentals that can be modelled under a transient state approach. Therefore, shared parameters 
capable of controlling both fields simultaneously should be available so that balance solutions can be 
ultimately achieved.  
 
With this premise in mind, this project aims to develop an integrated assessment approach by 
overlapping both thermal and fire safety performance quantitative models that allow the achievement 
of optimised building component design solutions. Hence, building energy efficiency can be 
reconciled with appropriate householder comfort and safety without detrimentally affecting each 
other.  
 
Since energy efficiency mainly drives evolution drift in current building codes and policies, this field 
establishes the framework of this research. The overall aim is addressed in this project by achieving 
specific objectives:  
 
1. Identification of quantitative inter-related parameters among building thermal and fire 
building performance models. To achieve this objective, a deep literature review of existing 
analytical and numerical models regarding both disciplines has to be conducted so that key 
parameters are revealed.  
 
2. To justify that a transient thermal model can effectively improve the building thermal 
performance assessment so that, by using this approach, optimised design solutions can be 
achieved and support the current evolutionary drift in current building codes and policies that 
are strongly driven by international commitments to energy efficiency. Considering the 
diversity of the Australian climate, two tasks are considered necessary to achieve this 
objective:   
a. Analysis of the accuracy in the prediction of conduction heat gains/losses through 
building envelope systems in Australia considering both steady and transient state 
thermal model based insulating parameters. 
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b.  Analysis of the accuracy in the prediction of building indoor temperature conditions 
in Australia considering both steady and transient state thermal model based insulating 
parameters.” 
 
3. Development of more data-inclusive, flexible and affordable thermal and fire assessment 
methodologies. For this, a review of existing fire and thermal experimental methods to analyse 
building components has to be developed so that existing weaknesses can be identified. 
 
 
1.4  Project environment and resources 
By achieving the main aim of this research, a coupled characterisation of both thermal and fire 
performance would be possible to perform for any type of building and using any building envelope 
system such a traditional brick veneer wall or reverse brick veneer. 
 
Nevertheless, the work developed throughout this research uses ‘prefab’ building systems because a 
relevant characteristic of this type of building is lightness. Therefore, the optimisation of both fire 
and thermal performance of this construction type allows a narrow margin because the weight is 
constrained to low values. 
 
Ultimately, success to account for the optimisation of any construction type is achieved because the 
outcomes from the research on lightweight housing can be easily moved to classic on-site buildings 
where total weight does not generally represent a critical driving parameter for material selection.   
 
This thesis project is part of the Australian Linkage Project "The design and construction of quality, 
sustainable and affordable pre-made housing in Australia - Optimisation and Integration" with 
funding from the Australian Research Council (ARC). Using Aristotle's statement "The whole is more 
than the sum of its parts" as a fundamental framework, this project will investigate innovative design 
and construction practices for pre-made housing in Australia via an integrative model that combines 
thermal, fire safety and structural performance with relevant architectural disciplines.  
 
To this end, The School of Civil Engineering of The University of Queensland and the School of 
Architecture, Design and Planning of The University of Sydney have team-up together in this project 
with New South Wales based company, Vision Development Australia specialised in prefabricated 
buildings alongside to Arup Engineers. Queensland based companies like Happy Haus, which is 
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specialised on modular housing also contributed to the outcome of the project together with 
Hutchinson Builders and the award-winning architectural firm, BVN Donovan Hill.  
 
Due to the environment in which this research project is immersed, the objectives pursued are related 
to particular building component designs supplied by the industry partners that in turn provide 
recommendations for improvements to be included in new design versions. 
 
Thus, the environment of this Linkage Project, therefore, represents an excellent opportunity for 
conducting this research thesis. It offers the opportunity to pinpoint connections across above-
mentioned building performance disciplines, which in turn, translates in development of new working 
methodologies for integration of their main performance parameters.  
 
 
1.4.1 Prefabricated buildings and prefabricated homes 
A prefabricated building is a type of construction based on the on-site assembly of several off-site 
pre-built systems components (i.e., wall, floor, and roof). A prefabricated home, often merely called 
Prefab or modular home is a particular prefabricated building devoted to the dwelling and often, fully 
assembly off-site. This type of buildings has long been used due to numerous advantages. Since they 
are constructed in a fixed and controlled place (i.e., a factory) the source of benefits regarding building 
quality, performance, timing and cost are potentially higher than a traditional on-site building. 
Although there has always been interest in developing this type of buildings, several aspects have 
limited the widespread construction of modular houses. For example, the lightweight associated with 
this type of houses has been considered to generate weaker performance.  
 
Similarly, speedy construction is commonly associated with a short life. Prefabricated houses are also 
regarded as less versatile regarding aesthetic architectonical designs. Thus, people are often reluctant 
towards adopting modular buildings for regular homes. Burnham Kelly [27] attributed this negative 
perspective to the first time massive production of modular houses during the post-WWII, which 
generated houses of generally low quality.  
 
In order to change this negative perspective regarding prefabricated houses, many companies around 
the globe, and particularly within Australia, have combined expertise from architects and engineers 
to deliver improved modular buildings with innovative and customizable functional design and finish 
options to meet customers' preferences and budget.  
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1.4.2 The light steel frame “LSF” wall system 
Hutchinson Builders contributed to the project by supplying LSF wall system samples built from 
original Happy Haus Prefab modules. Figure 1.6 shows some of the modular 
construction/manufacturing process off-site together the modular house placed on its final location.  
 
Due to its lightness, the whole module is placed on-site using a crane. Highlighted with a red line, 
Figure 1.6 also shows part of the LSF wall sampled used in this study, where the internal lining was 
removed to see the rectangular steel frame composed of 92x42x0.75mm steel C-channel sections with 
an extra steel stud placed in the middle together with the core insulating material. The LSF wall 
assembly sampled is better seen in Figure 1.7 where the external cladding is taken apart to see the 
system components better.  
 
 
Figure 1.6. A Happy Haus Galley module designed by Donovan Hill and constructed by 
Hutchinson Builders together with the LSF wall system used. 
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Figure 1.7. LSF wall system with the external cladding (Plywood) taken apart. 
 
The overall dimensions of the system sample are 1200 mm in height and 900 mm in width. A cross-
section of the system is represented in Figure 1.8, where it can be seen that steel stud voids are filled 
with 92mm mineral wool insulation material. The external cladding is formed by 12mm plywood 
panel acrylic paint finished (PG2C8 Goanna Grey), and the internal lining is a 12mm plasterboard 
panel Acrylic paint finished (B37 Chalk U.S.A.). An 18mm air cavity is created by placing timber 
battens between the steel frame and the plywood panel.  
 
 
Figure 1.8. Cross-section of the LSF system. 
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1.4.3 The load-bearing structural insulated panel “lbSIP” wall system 
Thanks to the support of Vision Developments Australia, a particular lbSIP wall system sample is 
defined by their current design approach according to Figure 1.9 and used to conduct thermal and 
material flammability studies.  
 
 
Figure 1.9. lbSIP wall system sample. 
 
The overall dimensions of the system sample are 800 mm of height and 600 mm of width, and it is 
geometrically symmetric both vertically and horizontally. The Dimensions of the system are shown 
in Figure 1.10. The panels are comprised of 144mm thick expanded polystyrene foam (EPS) core 
laminated with 12mm magnesium oxide (MgO) layers that form both the external cladding and the 
internal lining. It includes a MgO spline mid-width (i.e. load bearing element) and edges enclosed 
with 33mm MgO panels.  
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Figure 1.10. lbSIP panel dimensions. 
 
Because MgO is not combustible, a variation of the lbSIP system is made to enable the analysis of 
flammability properties of an exposed combustible layer attached to this system. Thus, a 12mm 
plywood panel is placed on one side of the system as seen in Figure 1.11. The plywood panel used is 
the same that composes the external cladding in the LSF system presented in 1.4.2. This system 
sampled case is called “lbSIP+Ply” in this study, and it enables the analysis of the effect of different 
system designs on flammability properties of the same material. 
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Figure 1.11. The lbSIP+Ply system ready to conduct fire tests. 
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1.5  Outline of chapters 
This thesis contains seven chapters, as well as some appendices to complement information and to 
present extended results. Each of them, aside from the current introduction chapter, is briefly 
described as follow. 
 
Chapter 2 - Literature Review 
Once the problem is defined and described, it has been presented the need to investigate and to 
develop holistic performance assessment methods to deal with problematic design solutions for life 
safety. To be able to achieve this, an extensive review of both fire and thermal models is performed 
focussing on relevant quantitative properties that define material flammability and thermal insulating 
properties. Existing analytical, numerical and experimental methods to quantify these properties are 
investigated so that potential quantitative connections between both thermal and fire performance 
models can be identified, thus satisfying the specific objectives 1 and 3. 
 
Chapter 3 - Building thermal performance in Australia 
According to the topic of this thesis and the specific objective 2, the pursued integrated assessment 
methodology also allow improved thermal performance solutions. As mentioned, this is an essential 
goal since governments are committed to meet greenhouse emission international agreements. To 
achieve this, the tasks considered to achieve this specific objective are presented in this chapter, so 
that it can be demonstrated that a thermal performance model that enables an integrated method with 
fire also delivers an improved thermal assessment.  
 
Chapter 4 - Method for an integrated assessment 
This chapter describes the integrated method developed according to the specific objectives that 
satisfy the main aim of the research project. Once a model for thermal performance that enables an 
improved assessment and includes sharing relevant parameters with fire is defined, a methodology to 
achieve an integrated assessment is presented and described in detail. From relevant insulating 
properties derived from a transient model, it is extracted essential parameters to assess material 
flammability properties enabling the critical assessment conditions for fire performance such as the 
ignition delay time. In this process, a novel and more accessible experimental procedure for thermal 
performance characterisation is developed to complement calculations methodologies and optimise 
outcomes. 
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Chapter 5 - Case studies 
To illustrate the application of the integrated assessment methodology developed through this project 
and described in Chapter 4, herein the integrated assessment applied to three building assemblies 
supplied by the project partners that include challenging design aspects such as structural elements 
acting as thermal bridges and air cavities are presented. These are a Light Steel Frame (LSF), a 
particular load-bearing Structural Insulated Panel (lbSIP) and the same lbSIP system with the same 
plywood panel of the LSF system (lbSIP+Ply).  
 
Chapter 6 - Verification of the integrated assessment method 
The application of the proposed methodology delivers an estimation of fire performance in the form 
of flammability properties such as the time that it takes for a building assembly exposed to fire to 
ignite and maintain sustainable flames. As any model that describes real-life conditions, there is 
always certain deviation from real life performance that defines a suitable application. Hence, a 
number of radiant panel fire tests are conducted and presented in this chapter to evaluate the deviation 
of calculated and tested ignition delay times. 
 
Chapter 7 - Conclusion and Recommendations for further work 
Herein, a summary of findings and outcomes is presented followed by the main conclusions obtained 
as a result of the thesis project that enable the collection of recommendations for further research 
work not only on integrating thermal and fire performance but also on other disciplines that may be 
compatible with the proposed methodology so that a more comprehensive holistic approach can be 
achieved in the future. 
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2  Literature Review 
To achieve the main aim and objectives of this project the literature review focused on finding all 
sharing parameters that are potential connections between the disciplines of the topic that enable the 
definition of integrated assessment methods.  
 
Therefore, after introducing the holistic design approach considered by the building industry to date, 
this section presents a detailed review of both building fire and thermal performance models and 
associated experimental testing methodologies.  
 
First, the problem of fire performance is presented and analysed so that relevant parameters for the 
safe design of building assemblies can be defined. Then a detailed description of relevant parameters 
is done. Similarly, an in-depth study of current building thermal performance models is performed so 
that relevant parameters driving insulating properties are identified. This section investigates in all 
cases existing analytical, numerical and experimental procedures, from where strengths and 
limitations of each can be determined to develop improved procedures. Ultimately, sharing 
parameters are the potential connections between disciplines that enable the definition of integrated 
assessment methods. 
 
 
2.1  The holistic design approach: Optimisation and integrated methods 
Generally, holistic refers to the assumption that all parts of a complete system are interconnected, and 
hence each part depends on the whole. The need for optimising the building design in a holistic way 
to achieve better building designs was suggested before by personalities like Ove Arup [28] through 
his Total Design approach. He emphasised that buildings are getting larger and more complex within 
a design process split between dozens of other professions, specialists, experts, manufacturers and 
contractors. Ove strove for a true partnership between the architect and engineer so that integrated 
teams could deliver better designs and closer to the client’s needs.  
 
 Volker Hartkopf [29] introduced Total Building Performance as a concept to account for the fact that 
single building requirements, in turn, can cause a series of measurable building failures. In his work, 
it is highlighted the importance of understanding the interaction between building components in 
contrast to considering discrete materials, components and assemblies. Similar studies performed by 
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Pleasantine et al. [30] who addressed the problem of premature building deterioration in North 
America. In his work, it is stated that a transdisciplinary approach to problem-solving requires that 
each disciplinary not only achieve an expert understanding of the problem within their discipline but 
that they also keep in mind a broader picture of the team's joint goals.  
 
Carlos et al. [31] presented an overview of the most representative mathematical and algorithms tools 
available to solve problems with two or more objectives that can be applied to different domains such 
industrial, scientific and engineering. In this study, it is defined the multi-objective optimisation 
problem (MOP) that can present not a single solution, but a set of them called the Pareto optimal set. 
Other studies [32] explored the optimisation of design solutions by using parameterisation as a 
method to achieve optimised designs, where it was used modelling tools and command platforms. 
This way energy consumption can be minimised by building envelope geometrical features such as 
shape, fenestration and orientation.   
 
The use of integrated methods that deal simultaneously with different building design disciplines 
from their physic fundamentals could lead to the achievement of optimum solutions. This is the case 
of the work performed by Hartwig M. Künzel [33] to evaluate using quantitative methods and 
simultaneously both heat and moisture transport in building components. To achieve this, the 
equations of both heat and moisture balance were coupled to each other by two connecting variables, 
the temperature and the relative humidity. Then, from physical principles, a closed differential 
equation system was developed from where the moisture transfer of multilayered building systems 
can be calculated considering climate data as boundary conditions.  
 
 
2.2  Building Fire Safety 
In the building design process, there are some design aspects together with fire safety which are 
interrelated. The first objective of a fire safety strategy is to ensure that building occupant’s complete 
evacuation is achieved before untenable conditions are reached during the growth stage of a building 
fire scenario that can be represented as Figure 2.1. In this sense, the fire growth is pursued to be as 
slow as possible. Then, the fire strategy objective turns to ensure the structural integrity of the building 
until the fire ends so that it is guaranteed that the fire brigade has a safe working environment and 
that property losses are minimised. 
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Figure 2.1. Fire stages defined by the evolution of the compartment temperature with time. 
Adapted from [18] 
 
Fire safety strategies can be developed following a prescriptive design to comply with building 
policies quantitative requirements. By applying code requirements, it is assumed that in a fire 
scenario, the complete evacuation of building occupants is achieved before untenable conditions are 
reached, where safety is no longer guaranteed. Due to the energy efficiency strict requirements 
implemented in a short period amongst other aspects, construction complexity is getting higher in the 
sense that new design geometries and materials are deemed to achieve satisfactory solutions. 
Accordingly, these solutions are also implemented in a short period. As a result, the research 
community is making a significant effort to comply with building codes and to train professionals 
involved in the design process.  
 
A performance-based design approach is a design alternative capable of dealing with many complex 
solutions where more flexible requirements are deemed. In this case, building designers have to 
demonstrate that in a building fire scenario a complete evacuation is achieved before untenable 
conditions are reached.  
 
The reaction to fire can be quantified by the total egress time “te” or Required Safe Egress Time 
“RSET” for a complete evacuation is quantified as per Eq. (5) by deeming the time that it takes for 
smoke detectors to activate “tde”, the time required by building occupants to react to fire evacuation 
alarm signs and start moving towards egress paths “tpre” and the effective displacement time taken to 
get a safe location out of the building “tmov” together with an extra time “textra” included as a safety 
factor [19]. The activation time tde is generally much smaller than all other times. The time that it 
takes for people to realise that the need to start evacuating tpre can be related to the fact that fire 
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scenarios are not frequent events and people is not familiar with building fire scenarios. Accordingly, 
this time is estimated from statistic data, and the level of uncertainty is high. Together with the 
displacement time tmov estimated by the building designers according to the building geometry 
basically, it is possible to estimate a total egress time te.  
 
 𝑅𝑆𝐸𝑇 = 𝑡𝑒 = 𝑡𝑑𝑒 + 𝑡𝑝𝑟𝑒 + 𝑡𝑚𝑜𝑣 + 𝑡𝑒𝑥𝑡𝑟𝑎 (5) 
The fire growth rate of a building design can be predicted by analysing how different components of 
the building behave under fire conditions. Using quantitative models capable of predicting, amongst 
other details such as the temperature evolution within building compartments and how the smoke is 
going to spread, it can be estimated the time to reach untenable conditions for safe evacuation, also 
known as the Available Safe Egress Time “ASET”. In this sense, the fire growth must be slow enough 
to guaranty the estimated RSET (Eq. (6)). 
 
 𝑅𝑆𝐸𝑇 ≪ 𝐴𝑆𝐸𝑇 (6) 
Principles pursued by an ideal evacuation process are to avoid building occupants panic behaviour to 
reduce egress strategy uncertainty and to guide people to behave like an ensemble. These principles 
can be severely compromised when ASET gets closer to RSET. In the limit, the total evacuation 
strategy is compromised when building components fire performance is not appropriately deemed, 
and untenable conditions are achieved before complete evacuation is achieved.  
 
The Fire growth in an enclosure can be estimated by following a two-zone model approach that allows 
an estimation of the evolution of the enclosed smoke temperature and height from the increasing heat 
released with time. It depends on the type of fire scenario considered, and it is  defined by a growth 
factor “” and time t as seen in Eq. (7) [9, 18], where “Hc” is the heat of combustion of the material, 
“Vs” is the flame spread velocity, and “?̇?𝐹
" ” the burning rate.  
 
 ?̇? = [𝜋∆𝐻𝑐𝑉𝑠
2?̇?𝐹
" ]𝑡2 = 𝛼𝑡2 (7) 
This is a simple way to describe fire growth assuming building enclosure components integrity until 
the end of the decay period and thus an ideal design approach. When the integrity of building 
components fails, exposed combustible high insulating materials effectively contribute to 
accelerating the fire growth of the compartment [12]. Further, when the compartment includes high 
insulating lining materials building occupants untenable conditions are reached faster because the 
overall heat losses of the compartment are low [19].  
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In any case, according to Eq. (7) the flame spread velocity profoundly influences the fire growth in a 
compartment. In this sense, the higher flame spread velocity, the shorter the growth period and thus 
the ASET. Flame spread velocity is defined by the specific flammability characteristics of the 
materials within the compartment.  
 
Indeed, ignition of materials establishes the onset of the fire scenario as represented in Figure 2.1  and 
it is driven by similar flammability properties than flame spread velocity that define the fire growth 
that can be defined as a series of ignitions. 
 
 
2.2.1 Material flammability 
When heat is provided to a solid, the temperature at the surface increases until the onset of pyrolysis 
is observed where chemical degradation of the material occurs. Once pyrolysis gases start releasing 
from the material they start mixing with air near the surface until a flammable mixture is eventually 
reached at which flashes of flames can be observed (flashpoint). Eventually, the mass transfer from 
the surface to the flammable mixture is enough to sustain a flame above critical temperature “Tig”, 
and ignition occurs. When the ignition is initiated by an electric spark located near the surface, the 
type of ignition is piloted, and the ignition event is called Firepoint. On the other hand, the ignition is 
spontaneous when the flammable mixture reaches a critical temperature where the combustion 
reaction occurs and flame initiate without assisted means. Figure 2.2 represents in time both ignition 
types through the temperature history of the surface of a hypothetical material exposed to a constant 
heat flux load.  
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Figure 2.2. Representation of the surface temperature evolution of a thermally thick material 
exposed to constant heat flux. Extracted from [19]. 
 
Ignition involves complex processes that can be associated with a solid phase and a gas phase where 
a number of variables evolve during the heating process. Ignition processes include the material 
degradation by effect of the heating process through the pyrolysis stage where the solid transforms 
into the gas phase, the chemistry involved in the production of gaseous fuel, the impact of changes 
on surface permeability from charring processes on heat and mass transport due to, the thermal depth 
through the material, endothermic processes like the evaporation of moisture, and the temperature 
distribution through the material. All these processes can be formulated so that the ignition of solid 
fuel can be predicted [34].  
 
Numerical models have been used by the research community to investigate the ignition delay time 
of particular solid materials by simulating the piloted ignition process [35].  Also, there has been 
made significant efforts in developing models to reproduce the complexity of the pyrolysis process 
with minimum input parameters [36]. In all cases, certain levels of simplifications and assumptions 
were always needed to be included. 
 
To be able to address the complexity of ignition analytically, an energy balance can be established at 
the exposed surface of a solid to gather all the processes involved during the ignition event, where 
constant heat flux is assumed to be applied to start the heating process, and a one-dimensional heat 
transfer problem is addressed. Figure 2.3 represents the cross-section of a hypothetical monolayer 
building system of thickness “L” where this approach is presented together with the evolution of the 
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temperature at the exposed surface and the temperature distribution through the material. It is also 
represented that mass transfer processes occur when the pyrolysis temperature “Tp” is reached where 
degradation starts in the solid releasing fuel. “𝑚𝐹
′′” in the gas phase to create a flammable mixture 
that is close to ignite at the flashpoint temperature “Tf” and sustainable ignition is achieved at the 
firepoint temperature “TF”. 
 
 
Figure 2.3. Representation of the one-dimensional heat transfer approach of the ignition 
process. 
 
The energy balance established for the system represented in Figure 2.3 can be expressed by Eq. (8) 
where the energy conducted through the solid is balanced with the energy stored in the material 
together with the chemical energy absorbed or produced in-depth during the degradation process 
“ ?̇?𝑔
′′′(𝑥, 𝑡)” (i.e. glowing, pyrolysis, evaporation of water…) and “ ?̇?𝑅𝐴𝐷
′′′ (𝑥, 𝑡)” the radiative in-depth 
absorption that non-opaque materials to the infrared energy produced in a fire can include [34].  
 
 
𝑘𝑠(𝑥, 𝑡)
𝜕2𝑇(𝑥, 𝑡)
𝜕𝑥2
=
𝜕(𝜌𝑠(𝑥, 𝑡)𝑐𝑠(𝑥, 𝑡)𝑇(𝑥, 𝑡))
𝜕𝑡
+  ?̇?𝑔
′′′(𝑥, 𝑡) +  ?̇?𝑅𝐴𝐷
′′′ (𝑥, 𝑡) 
(8) 
 
The boundary conditions of the system include an initial temperature considered to be the ambient 
temperature according to Eq. (9). At the exposed surface of the solid the constant heat received by 
radiation ?̇?𝑒
"  is partially absorbed by the solid depending on its particular absorptivity (t) and  
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transferred through the material by conduction. However, some of the energy absorbed can be 
consumed at the exposed surface by the degradation chemical reactions, so this is included in Eq. (10) 
as “?̇?𝑔
" ” together with the heat losses from the exposed surface to the environment “?̇?𝑇𝐿
" ”. The 
boundary condition at the unexposed surface includes the total heat losses “?̇?𝑇𝐿
" (𝐿, 𝑡)” expressed by 
Eq. (11). 
 
 T = 0     𝑇(𝑥, 0) = 𝑇𝑎𝑚𝑏 (9) 
 
 
𝑥 = 0    − 𝑘𝑠(𝑥, 𝑡)
𝜕𝑇(𝑥, 𝑡)
𝜕𝑥
|
𝑥=0−
= 𝛼(𝑡)?̇?𝑒
" (𝑡) − ?̇?𝑔
" (𝑥, 𝑡) − ?̇?𝑇𝐿
" (0, 𝑡) 
(10) 
 
 
𝑥 = 𝐿    − 𝑘𝑠(𝑥, 𝑡)
𝜕𝑇(𝑥, 𝑡)
𝜕𝑥
|
𝑥=𝐿−
= ?̇?𝑇𝐿
" (𝐿, 𝑡)  
(11) 
 
For design purposes, the onset of ignition can be fitted to the onset of material degradation assuming 
a conservative approach since in real life conditions ignition occurs after the degradation process 
where a flammable mixture is created. In this sense, the time delay to ignition is assumed to be the 
time delay to pyrolysis. Then, the time taken from the moment the pyrolysis process begins to the 
time the firepoint is reached can be considered a safety factor. According to this, all chemical 
reactions, the permeability variation of the surface of the solid due to the degradation process, the 
moisture evaporation cooling effect and the mass transfer from the solid to the gas phase can be 
omitted because under this conservative approach it is assumed there is no degradation until ignition 
occurs and the material can be considered inert. In this sense, the material properties of the solid can 
be considered that they are not changing with time. Also, most building materials are opaque to the 
infrared energy release in a fire event, so the in-depth radiative absorption can be considered 
negligible. By gathering these assumptions, Eq. (8) can be turned into Eq. (12).  
 
 
𝑘
𝜕2𝑇(𝑥, 𝑡)
𝜕𝑥2
= 𝜌𝑐
𝜕𝑇(𝑥, 𝑡)
𝜕𝑡
 
(12) 
 
Typical building assemblies are thermally thick and thus, the time that it takes for the heat to reach 
the unexposed surface is higher than the time that it takes for the exposed surface to ignite. According 
to this, the monolayer building system represented in Figure 2.3 can be considered as a semi-infinite  
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solid. Indeed, this circumstance changes when the heat reaches the unexposed side, but for the 
analysis of ignition delay time, this assumption can be considered valid [34]. According to this, and 
considering that the material is inert until ignition occurs the boundary condition expressed in Eq. 
(11) becomes Eq. (14). In this sense, the boundary condition at the exposed surface expressed by Eq. 
(10) can be linearized for simplicity and taken into account that the in-depth radiative absorption can 
be negligible for most building materials the boundary conditions at the exposed surface becomes Eq. 
(13) where a total heat transfer coefficient “hT” include all processes that occur during the gas phase 
at the exposed surface that can be considered 45W/m2K [37].  
 
 
𝑥 = 0   − 𝑘𝑠
𝜕𝑇(𝑥, 𝑡)
𝜕𝑥
|
𝑥=0
= ℎ𝑇(𝑇𝑠 − 𝑇𝑎𝑚𝑏) 
(13) 
 
 𝑥 =     𝑇(, 𝑡) =  𝑇𝑎𝑚𝑏  (14) 
 
After some algebra, the solution for Eq. (12) considering the initial condition and the simplified 
boundary conditions becomes the ignition delay time expression as per Eq. (3). It should be 
highlighted that even though the material is assumed inert, the material properties must be considered 
as apparent material properties since ultimately they are temperature dependent values and are 
affected by the surrounding thermal environment in which the material is immersed [38]. Because 
the Eq. (3) is expressed as a function of a measurable heat flux provided to the material and time, the 
apparent thermal inertia can be obtained from experimental data. 
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2.2.1.1  Experimental methods 
Experimental reaction-to-fire assessments of building envelope components are conducted by large-
scale testing methods to assess the propensity of building envelope systems to ignite and spread the 
fire. These are costly, time-consuming and difficult to interpret. More importantly, these tests 
represent a single fire scenario in a precise geometrical design. This is illustrated in Figure 2.4, where 
a timber crib is used as a fire source located in an opening at the bottom of the representative wall to 
recreate flames coming out to an opening in a post-flashover compartment fire. There are several 
temperature measurements using a series of thermocouples located in-depth on the main wall 
assembly located above the timber crib. The extent of fire propagation in both the main panel and in 
an adjacent wing wall (when installed) is also observed.  
 
 
Figure 2.4 BS 8414-1 large-scale test approach. Extracted from [39]. 
 
A review of the most common large-scale testing for façade systems standardised around the world 
is presented in  Figure 2.5. 
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Figure 2.5 Standardized large-scale tests for building envelope components. Information 
extracted from [10]. 
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Medium-scale testing methods have also been developed such the FM Parallel Panel Test where a 
different geometrical configuration is considered. Figure 2.6 present this test approach where two 
panels are placed in a parallel position separated by 0.5m. At the bottom, between the two panels, a 
burner is installed that provides the heat load. This represents a different geometrical configuration 
with more severe testing conditions because the heat feedback between panels is higher, and the air 
entrainment is lower. Thus, temperatures and flame heights increase significantly.  
 
 
Figure 2.6 FM Parallel Panel Test approach. Extracted from [10]. 
 
The research community acknowledges that both large-scale and medium-scale facade tests do not 
measure essential flammability properties of each material of an envelope system. Extrapolation of 
the results to system behaviour is difficult because none of these tests consider the complex and 
multiple interactions between components and generally rely on a pass/fail criterion that are 
inherently limited to the configuration tested. This limitation is frustrated by the unlimited building 
assembly combinations, including element components such fixing systems and window frames [12]. 
Nevertheless, these tests can be used to validate fire spread modelling [10]. 
 
Relevant to this research, small-scale tests provide information for modelling purposes such as the 
minimum heat flux for ignition “?̇?0,𝑖𝑔
" ” which this project focuses on to develop quantitative 
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assessment methods. Hence, existing small-scale testing methods are also presented in this chapter 
where material flammability properties such as ignition delay time can be estimated. 
 
Experimentally the ignition type commonly analysed is the piloted ignition. Vytenis Babrauskas 
introduced the cone calorimeter represented in Figure 2.7 as an alternative to previous testing 
approach generally based on a furnace exposure to achieve uniform irradiance on the surface of 
materials amongst other aspects to make fundamentally heat release measurements [38, 40, 41]. These 
studies also highlighted the cone calorimeter capability as a bench-scale test to conduct ignition 
analysis and further it is included in American and international standards [16, 42].  
 
 
Figure 2.7. Representation of the Cone Calorimeter device. Extracted from [40]. 
 
 Other standardised experimental procedures use radiant panels to experimentally measure ignition 
properties as the Lateral Ignition and Flame Spread Test (LIFT) represented in Figure 2.8. This test 
was developed by the American Society for Testing and Materials (ASTM) [37] and the Australian 
standardised method to determine the ignitability, the flame propagation, the heat release and smoke 
release on building materials simultaneously [14].  
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Figure 2.8 LIFT schematic approach. Extracted from [37]. 
 
There are also studies that focussed on the development of experimental procedures using radiant 
panels whose set-up can be seen in Figure 2.9. This method is used to evaluate the fire resistance of 
building components allowing for the measurement and control of the heating boundary condition 
and can be used as an alternative to the standardised furnace testing [24]. This method can also be 
used for ignition measurements to extend the results of bench-scale testing using the cone calorimeter 
to achieve more realistic end-use conditions [11].  
 
 
Figure 2.9. The Heat-Transfer Rate Inducing System (H-TRIS) approach. Extracted from 
[24]. 
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In all cases, the ignition experiment consists in measuring the time that it takes for a solid receiving 
a particular heat flux to ignite that could be used further to evaluate and validate analytical and 
numerical methods.  
 
Analysis and comparison of different standardised testing approach can be found in literature 
concluding that experimental properties obtained can defer from one procedure to another [15]. This 
conclusion agrees with other studies that show that measured values defer depending on the 
convective heat transfer boundary conditions at the surface of the sample tested as well as its shape, 
highlighting the complexity of the ignition process [19, 43].  
 
By conducting an ignition test with the cone calorimeter [37], measurements of ignition delay time 
and heat flux provided to the material can be plotted as represented as Figure 2.10. From this test, it 
can be obtained the minimum heat flux “?̇?0,𝑖𝑔
" ” needed on the surface of a solid to achieve the critical 
temperature of the material “Tig” where ignition occurs according to Eq. (15), where a thermal 
equilibrium is achieved at the exposed surface.  Similarly to the material properties, these values 
measured have to be understood as a lumped value that combines the material properties of the 
material with the test environment characteristics [19, 34]. 
 
 
𝑇𝑖𝑔 = 𝑇𝑎𝑚𝑏 +
?̇?0,𝑖𝑔
"
ℎ𝑇
 
(15) 
 
 
Figure 2.10. Ignition delay times measured for a different range of heat fluxes. Extracted from 
[44]. 
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Figure 2.11. Linearized measured ignition delay times data for different heat fluxes. Adapted 
from [34]. 
 
From the same experimental data, the apparent thermal inertia of the material can be obtained by 
linearising Eq. (3) so that Eq. (16) is obtained and compared with the linearised measured test data as 
represented in Figure 2.11 where the slope gives the apparent thermal inertia of the material. 
 
 1
√𝑡𝑖𝑔
=
2
√𝜋√𝑘𝜌𝑐
1
(𝑇𝑖𝑔 − 𝑇𝑎𝑚𝑏)
?̇?𝑒
"
 
(16) 
 
The apparent thermal inertia obtained is a crucial parameter because of its relevance on the flame 
spread velocity under different circumstances and hence the fire growth rate before untenable 
conditions are reached.  
 
 
2.2.2 Discussion and concluding remarks 
From the literature review, material flammability properties are derived from a transient state thermal 
approach and that they are driven mainly by three relevant material properties, the thermal 
conductivity, the density and the specific heat, combined in the form of thermal inertia. Per the 
literature review when a fire event occurs in a building compartment, the onset of ignition of exposed 
flammable envelope components is delayed when they include high values of thermal inertia. 
Eventually, accidental ignition of flammable envelope components occurs in such a way that  
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sustainable flames are achieved and spread contributing to increasing the fire growth rate. Under this 
circumstance, the expected time to achieve untenable conditions during the fire event is effectively 
reduced and thus the available egress time, thus compromising the required egress time for a safe 
evacuation. However, the flame spread velocity is also highly driven by thermal inertia. When 
flammable envelope components have high values of thermal inertia the flame spread velocity is low, 
so the contribution to the fire growth is also low.  
 
Thus, the design fire in a building compartment could not be altered significantly and the estimated 
available egress time could remain higher than the required egress time of the occupants. In this 
regard, an appropriate flammability assessment of flammable compartment envelope components 
must be made ensuring that exposed materials thermal inertia is high. 
  
This project aims to achieve an integrated assessment method of building thermal efficiency with fire 
safety. In this part of the project, it has been highlighted the significance of thermal inertia of 
construction materials on the fundamental flammability properties of envelope components to control 
the fire growth rate to ultimately achieve appropriate safety levels. On the other hand, an optimum 
building thermal efficiency design solution gathers the lowest energy consumption by the building 
heating and cooling devices to achieve appropriate indoor comfort conditions. In this regard, the next 
step of the research is to explore available building thermal efficiency models to evaluate the relevant 
parameters that allow the control of indoor building temperature conditions and the role of thermal 
inertia to achieve the most efficient and comfortable design solutions. 
 
 
2.3  Building thermal efficiency 
Human civilisations have evolved in a continuous quest for comfortable and safe places to live. 
Traditionally, general observation and analysis of the land and particular environment represent the 
first step before applying practical solutions. For example, Socrates envisaged an optimum design of 
a house taking particular care on its geometry and orientation as represented in Figure 2.12. The aim 
was to optimise the householder comfort taking into account the solar heating capability, along with 
shade and wind cooling abilities (Xenophon, 371 B.C) [45]. 
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Figure 2.12. Socrates's optimum house shape. Extracted from [45]. 
 
This type of philosophical thinking set the ground for understanding fundamental building problems, 
enabling a way to describe them and look for affordable resolutions. Since then, many scientific 
disciplines such as physics and mathematics have evolved to provide better quantification of these 
problems delivering practical solutions that adjust better to real-world circumstances.  
 
The objective of a thermal performance calculation procedure is to predict by quantitative methods 
the behaviour of a particular building design when considering particular climate conditions. This 
way, designers are capable of quantifying heat gains and losses through the building envelope that 
alter indoor temperature and evaluate heating and cooling loads required by HVAC devices to keep 
an optimum indoor thermal comfort level, with minimum energy consumption. 
 
Today, computational simulation tools are widely used to imitate real-world natural processes [46]. 
They are based on mathematical models which represent key features of particular situations. The 
closer to a real-world behaviour representation, the more complex is the mathematical model. Hence, 
attention must be paid when choosing the model and working procedures to work with because 
complexity is also related to higher working costs and time. To this end, it is essential to have a 
previous comprehensive understanding of the external conditions affecting buildings, alongside with 
good knowledge of the existing models for describing building behaviour under such conditions. By 
doing so, it will be possible to select the model that suits best the aimed construction type. This type 
of approach will also be considered for achieving the objectives defined in this project. 
 
The need for delivering improved comfort conditions to householders has traditionally been marked 
by a quest for controlling the building indoor environmental conditions. Reyner Banham [47] 
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suggested that comfort building conditions could be provided by the use of heating and cooling 
devices by also by the building itself, since heating, ventilation and air conditioning devices (HVAC) 
are high energy consuming.  
 
Due to buildings considered as the most significant energy consumers and CO2 polluters [48, 49], 
governments all around the globe are trying to reduce this problem via their respective building codes 
and by making stricter regulations on their energy efficiency provisions. Thus, a better approach than 
heating and cooling devices is reducing building energy consumption via optimisation of the building 
envelope thermal performance, which in turn will minimise current operational heating and cooling 
energy needs. 
 
 
2.3.1 The building as a thermal system 
Steven V. Szokolay [3] described the thermal behaviour of a building by modelling it as a system 
with a number of heat inputs and outputs. Heat gains to the building envelope can be mainly by solar 
radiation (Qs) or by building internal envelope sources of heat (Qi). There are heat losses by 
evaporative processes (Qe). Also, there could be heat gain or losses by conduction heat transfer (Qc) 
through the building fabric or by ventilation (Qv) through fenestration and other openings (Figure 
2.13 and Figure 2.14). If the total contribution of heat gain and losses to the building (i.e. the sum of 
heat gain and losses) is greater than zero the temperature inside the building is increasing and vice 
versa, and thus heating/cooling devices (Qm) are needed to achieve designed comfort conditions.  
 
Figure 2.13. Representation of a building as a thermal system. Extracted from [3]. 
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Figure 2.14. Representation of a Happy Haus Prefab module multilayered components. 
 
Except for internal heat gains, all heat sources and sewers depend fundamentally on climate 
conditions around the site where the building is placed.  
 
The dominant parameter that affects internal building conditions is temperature [3]. Other factors like 
the effect of wind and solar radiation can be included in a hypothetical temperature called Sol-air 
temperature [50, 51] considered at the exterior surface of the building envelope. Thus, within all the 
complexities of the building as a thermal system, this study focuses on the conduction heat transfer 
capabilities of building envelope components because its relevance on indoor comfortability and 
because its flammability performance defines the overall building fire safety significantly. 
 
 
2.3.2 Thermal Comfort 
Comfort is defined by the research community as "that condition of mind that expresses satisfaction 
with the thermal environment" [52]. There is a thermal interaction of the householder with the internal 
environment.  
 
The human body continuously produces heat through its metabolic process, and it must be dissipated 
to the environment in order to keep a constant body temperature of about 37°C. M Humphreys [53] 
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suggested that from outdoor, it is possible to forecast the range of temperatures that occupants will 
require in order to feel comfortable.  A. Auliciems together with S. V. Szokolay [54] pointed that the 
air temperature is the dominant environmental factor, and defined the thermal neutrality “Tn”, 
calculated by Eq. (17), as the temperature at which a person feels nor hot nor cold, where “Text” is the 
outdoor temperature. This value can be included as design condition on building thermal performance 
calculation methods, such as those developed by Governmental Institutions like the American Society 
of Heating, Refrigeration and Air Conditioning (ASHRAE) and the Chartered Institution of Building 
Services Engineers (CIBSE) [52, 55]. 
 
 𝑇𝑛 = 17.6 + 0.31𝑇𝑒𝑥𝑡 (17) 
 
 
2.3.3 Building thermal performance models  
The objective of a thermal performance calculation procedure is to predict by quantitative methods 
the behaviour of a building design when considering particular climate conditions. This way, 
designers are capable of quantifying heat gains and losses through the building envelope that alter 
indoor temperature and evaluate heating and cooling loads required by HVAC devices to keep an 
optimum indoor thermal comfort level, with minimum energy consumption. 
 
Real word conditions are complex. Therefore, thermal performance calculation procedures include 
simplifications by considering assumptions and approximations of real-world case scenarios [55]. 
Depending on the level of the building behaviour understanding needed (i.e., accuracy) it is used the 
simplest model or the most complex. Traditionally, on early stages of building design, it is used a 
simple one so that it is possible to quickly evaluate a particular building design thermal performance 
from the beginning and easily improve it by rapid changes in the design. 
 
A more sophisticated model is more suitable to be used at final stages of the design process, for 
instance, for sizing HVAC systems. Building research community intensively works on models to 
estimate building thermal performance with different levels of calculation complexities that can be 
considered according to the objective pursued along the building design process.  
 
A purely thermal steady state condition is the most straightforward condition to analyse [56] where 
it is assumed that temperatures in a thermal system do not change with time. Derived characteristic 
insulating parameters of building assemblies are typically used as energy-efficiency building 
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prescriptions because this model allows a conservative approach in cold climates for the design of 
heating systems [52, 57]. In this regard, building designs follow building codes, which are developed 
by regulatory bodies to ensure adequate levels of safety and health for the community. Traditionally, 
codes have been a set of prescriptive rules many times offering a low margin for decision-making for 
designers. Thus, performance requirements are described by quantitative or qualitative to specify 
functional requirements within a performance-based approach. The adequate balance between the 
two is a constant focus of discussion within the building design community [58]. 
 
Within the models used for predicting building thermal performance under transient conditions to 
achieve more accurate analysis, it can be highlighted the Heat Balance calculation method (HB) 
developed by the American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) and the admittance method adopted by The Chartered Institution of Building Services 
Engineers CIBSE [59]. Nevertheless, the admittance method is proved to be popular with engineers 
since its calculation procedure is tractable by manual calculation and it includes accessible thermal 
parameters to describe characteristic properties of building components widely used by the building 
industry [60].  
 
Developed by Danter and Loudon at The Building Research Establishment (BRE) during the 1960s 
and 1970s [61] and currently adopted by CIBSE [55, 62], the admittance procedure uses the 
characteristic parameters derived from the periodic solution of the Fourier continuity equation to 
estimate building indoor temperatures in hot weather conditions. M.G. Davies amplified the theory 
of the admittance method approach and developed procedures to analyse some of its most relevant 
thermal parameters [56, 63]. Further, the admittance method is used as a reference model for building 
indoor temperature calculation international standards [64, 65]. 
 
The admittance method adopted by CIBSE calculates building envelope mean heat gains and losses 
by approximating seasonal temperature variations to pure steady thermal conditions and thus using 
the characteristic insulating properties of building components derived from this thermal approach 
(i.e. U-values or R-values). The building mean indoor temperature is calculated. Ultimately internal 
temperature variations are estimated following the admittance procedure by including in the building 
envelope thermal balance the internal surface admittance of building envelope components “y-value” 
[66]. 
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In Australia, the building code [7] was changed into a performance-based code in 1996 and was 
adopted nationally in January 1998. Energy efficiency provisions for residential buildings (in addition 
to housing) were included in BCA 2005 and for commercial, industrial and public buildings in 2006 
[67]. This building regulation set mandatory levels of performance to be achieved by design 
professionals. Thus, they receive more flexibility to choose a construction solution instead of 
following a rigid prescriptive design. Nevertheless, a number of optional standard solutions as Deem-
to-satisfy “DTS” provisions are also included in the code, which could be used by designers as an 
optional means of compliance. Many of these DTS solutions have their origin in formerly prescriptive 
requirements. They can also consider ‘Alternative building solutions’ to comply with performance-
based requirements, but they must be approved by certifying authorities before being implemented. 
 
Quantitative terms are easy to follow and require little analysis from the designer providing an 
absolute measure of performance. These quantitative terms are defined through complex 
methodologies and include in-depth analysis and research work. Nevertheless, quantitative terms 
imply a reduction of design flexibility, which could also restrict the scope of alternative solutions. 
Attention must be taken to methodology and criteria followed to set quantitative requirements: the 
better quantitative terms, the better building performance.  
 
In this regard, pure steady thermal conditions rarely occur in real-life weather conditions since there 
is always external temperature fluctuation between day and night. Also, the capacity of materials to 
store heat is not represented by the steady state thermal model because heat storage makes itself 
apparent when temperatures vary with time. The alternative is the thermal transient model that allows 
the evaluation of how the heat flow through solids is affected by temperature variations.  
 
Because of its relevance in the building industry, this study is analysing first the characteristic thermal 
parameters that define the insulating properties of building envelope components under steady 
thermal conditions. A fire event is a thermal transient based process. Hence, pursuing connecting 
parameters with flammability properties that allow the development of an integrated assessment 
approach analysis is made of available characteristic thermal parameters that define the insulating 
properties of building envelope components under transient thermal conditions. 
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2.3.4 Characterisation of insulating properties: The Steady-State model  
As introduced, building codes thermal-efficiency prescriptions are based on characteristic parameters 
derived from this thermal approach (both U-value and R-value). They express the resistance of a 
building component system to be crossed by heat in one direction (1D) under steady-state conditions.  
 
Thermal steady-state conditions mean that both external and internal building temperature conditions 
do not change with time. Heat flows through materials steadily, resulting in a linear temperature 
distribution all along the components in the system’s cross-section.  
 
 
2.3.4.1  Analytical methods 
From the one-dimensional Fourier continuity equation for steady-state conditions with no sink or 
source of energy expressed by Eq. (18) it can be described the temperature distribution in a plane wall 
system by Eq. (19).  
 
 
𝑘
𝜕2𝑇
𝜕𝑥2
= 𝜌𝑐
𝜕𝑇
𝜕𝑡
= 0 
(18) 
 
𝑇(𝑥) =  
𝑇𝑠2 − 𝑇𝑠1
𝐿
∙ 𝑥 + 𝑇𝑠1 
(19) 
Combining Fourier’s Law with the general solution for temperature distribution, the conduction heat 
transfer rate can be determined over the wall length as follows, 
 
𝑞𝑥
" = −𝑘 ∙
𝜕𝑇
𝜕𝑥
  →   𝑞𝑥
" = −𝑘 ∙
∆𝑇
∆𝑥
 →   
−𝑞𝑥
"
𝑘
=
∆𝑇
∆𝑥
 
𝑇(𝑥) =  
−𝑞𝑥
"
𝑘
∙  𝑥 + 𝑇𝑠1 
 
Considering the solution across the entire width of the wall: 
 
𝑇𝑠2 =  
−𝑞𝑛𝑒𝑡
"
𝑘
∙  𝐿 + 𝑇𝑠1 
 
 𝑇𝑠1 − 𝑇𝑠2
𝑞𝑛𝑒𝑡
"
=  
𝐿
𝑘
≡ 𝑅𝑐;𝑜𝑝    
(20) 
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According to Eq. (20), under steady-state conditions, there is only one material property considered 
to evaluate the heat transferred through a building component system, which is the thermal 
conductivity “k”. Together with the thickness of the monolayer building system “L” it is defined the 
surface-to-surface resistance “Rc;op”.  
 
To date, this is considered the essential insulating parameter because it provides most of the 
information about the energy needed to maintain particular building indoor conditions [56]. The main 
reason why a steady-state model is traditionally used by the building industry to describe insulating 
properties is that this theoretical approach allows a conservative approach to design heating systems 
in cold climates [52, 57].  
 
However, appropriate use of characteristic insulating properties derived from a thermal steady-state 
model can also be justified by comparing the characteristic time of a particular building assembly to 
reach steady heat flow conditions with the period of cyclic external temperature variations. Thus, this 
model is assumed to give a reasonable approximation of the building thermal performance in most 
geographical locations around the world.  
 
Figure 2.15 represents a quasi-steady thermal state approach under which a linear temperature 
distribution through a wall system can be approximated when subjected to cyclic temperature 
variation. In this figure, the dotted line represents real life temperature distribution due to external 
temperature variation and material inertia to temperature changes. 
 
 
Figure 2.15. Representation of a temperature distribution through a wall system. 
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The one-dimensional steady energy equation is commonly presented as: 
 
 
𝑘
𝜕𝑇
𝜕𝑥
|
𝑥=0
= ℎ𝑇,𝑖(𝑇𝑖 − 𝑇𝑠𝑢𝑝,𝑖) =
𝑘
𝐿
(𝑇𝑠𝑢𝑝,𝑖 − 𝑇𝑠𝑢𝑝,0) 
(21) 
 
𝑘
𝜕𝑇
𝜕𝑥
|
𝑥=𝐿
=
𝑘
𝐿
(𝑇𝑠𝑢𝑝,𝑖 − 𝑇𝑠𝑢𝑝,0) =  ℎ𝑇,0(𝑇𝑠𝑢𝑝,0 − 𝑇0) 
(22) 
 
This leads to a constant heat-flow through the wall, 
 
 
?̇? = 𝐴𝑇
1
𝑅𝑇
(𝑇𝑖 − 𝑇0) 
(23) 
Allowing for the definition of an equivalent total thermal resistance RT or R-value,  
 
 
𝑅 − 𝑣𝑎𝑙𝑢𝑒 =  (
𝐿
𝑘
+
1
ℎ𝑇,𝑖
+
1
ℎ𝑇,0
) 
(24) 
 
Eq. (1) is the same as Eq. (24) however, with total heat losses coefficients expressed in the form of 
surface resistance parameters whose values are often taken from standards [20]. 
 
Thermal steady conditions, as represented by Eq. (21) and Eq. (22), can only be achieved if the 
assembly reaches a steady state faster than the characteristic time of cyclic external temperature 
variations. In this sense, the characteristic time taken by a building assembly to achieve a linear 
temperature distribution depends on its geometry and the properties of the construction materials. 
This is expressed by Eq. (25). Scaling analysis of the one-dimensional heat transfer equation using a 
characteristic time of the cyclic external temperature variation “c” can be used to determine the 
condition needed for a steady state approach, and this can be established by Eq. (26). 
 
 
𝜏𝑤 =  
𝐿2𝜌𝑐𝑝
𝑘
 
(25) 
 𝜕2?̅?
𝜕?̅?2
=
𝜏𝑤
𝑐
𝜕?̅?
𝜕𝑡̅
 0,     𝑖. 𝑒. 𝜏𝑊 ≪ 𝜏𝑐 
(26) 
 
When the period of the temperature cycle c is much larger than the characteristic time of the system 
w then the resulting temperature distribution is linear. This is the case when building systems thermal  
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performance are considered to be exposed to a seasonal cyclic temperature variation defined by 
monthly mean values and when daily temperature variations are not significant. Under these 
circumstances, the thermal assessment deviation by considering pure steady conditions is low and 
building component insulating properties can be appropriately characterised using R-values.  
 
The concept of thermal resistance in multi-layer wall systems is analogous to electrical resistance 
mapping of circuits in parallel or series. Just as filament materials resist the conduction of electricity, 
plane wall materials resist the conduction of heat; and indeed, the conductive heat flux can be seen 
as the ‘current’ of a thermal system for a given temperature or ‘potential difference’. This is best 
represented graphically, with an example of a multi-layer wall system in series shown in Figure 2.16.  
 
At the steady-state condition, the heat flux is constant over the entire length of the wall. By knowing 
this, energy conservation allows the thermal distribution of each layer (vertical) to be fully defined, 
as given by Eq. (27). 
 
 
𝑞𝑥
" =
𝑇∞,1 − 𝑇𝑠,1
(1 ℎ1⁄ )
=
𝑇𝑠,1 − 𝑇2
(𝐿𝐴 𝑘𝐴⁄ )
=
𝑇2 − 𝑇3
(𝐿𝐵 𝑘𝐵⁄ )
… 
(27) 
 
.  
Figure 2.16. Steady-state temperature distribution in a multi-layer wall system, and series-
resistance circuit diagram. Extracted from [68]. 
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As it can be seen, there is an individual resistance value to each layer. This is contrasted to the total 
resistance value that was obtained in Eq. (20). Considering these equations, it can be derived that the 
total resistance of layers in series assuming constant area to the layers can be determined by summing 
the resistance of individual layers, as given in Eq. (28).  
 
 
𝑅 − 𝑣𝑎𝑙𝑢𝑒 = 𝑅1 + 𝑅𝐴 + 𝑅𝐵 =
1
ℎ1
+
𝐿𝐴
𝑘𝐴
+
𝐿𝐵
𝑘𝐵
… 
(28) 
Real-life building assemblies include highly thermally conductive structural elements and 
construction imperfections that effectively reduce insulating properties. Under steady conditions, 
some structural elements effectively allow a rapid heat transfer through the building system. This is 
the well-known “thermal bridge” effect that effectively reduces the R-value with respect to the ideal 
homogeneous system and creates a three-dimensional heat flow process within the system. This effect 
can cause the overall thermal resistance of a building assembly to be over-estimated by up to 50% 
[69]. Accordingly, building designers have to rely on more detailed calculation procedures to quantify 
the overall R-value of building design alternatives that include the detrimental effect of thermal 
bridges. In this regard, standardised and specific analytical calculation methods [20, 52, 69] include 
the thermal bridge effect to achieve a more realistic insulating capability but include important 
simplifications that represent a significant limitation for the evaluation of the thermal performance of 
unlimited, or at least multiple, design solutions [5]. This is particularly the case when thermal 
optimisation needs to be incorporated as part of an overall optimisation process that includes other 
indicators such as acoustic, structural or fire performance.  
 
 
2.3.4.2  Experimental methods 
The overall R-value of building assemblies can also be obtained experimentally by the Guarded Hot 
Box. This experimental approach was first envisioned by R. S. Dill in 1937 at the American National 
Bureau of Standards to determine the thermal resistance values of building assemblies and became 
standardised in 1957 [22]. Nowadays, the Guarded Hot Box experimental method is the standardised 
experimental procedure to determine the thermal resistance of building assemblies. Asdrubali et al. 
made an in-depth analysis of the standardised Hot Box experimental approach adopted by America 
(ASTM), Europe (ISO) and Russia (GOST) [70]. The experimental approach of the Hot Box 
experimental approach according to the ISO standard can be seen in Figure 2.17, and a Guarded Hot 
Box facility built according to this standard in Figure 2.18. 
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Figure 2.17. Representation of Guarded Hot Box experimental approach. Extracted from 
[71]. 
 
 
Figure 2.18. Amundarain’s Guarded Hot Box set-up. Extracted from [5]. 
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The standardised Guarded Hot Box test consists of placing a building system sample of area “A” 
between both hot and cold insulated chambers which are maintained at different steady temperatures.  
 
Then, the net heat flowing through the system is obtained by measuring the power required to keep 
steady the hot insulated chamber temperature. To be able to deal with all the Hot Box construction 
imperfections, a calibration factor “F” is defined by performing preliminary tests with a reference 
material [72]. Ultimately, data measured is included in Eq. (29) to calculate the overall U-value of 
the system tested. 
 
 Uvalue = F
𝑄𝑛𝑒𝑡
𝐴(𝑇𝑒𝑚 − 𝑇𝑒𝑐)
 (29) 
 
To be able to ensure that the full power input in the hot chamber is passing through the system, 
minimum heat losses to the exterior of the Hot Box must be achieved. In this sense, the hot side is 
arranged by building a metering Box and a Guarded Box equipped                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
with a temperature thermopile arrangement to minimize system lateral heat losses, together with a 
digital controller. Additionally, heating elements are included to both compensate heat losses to the 
hot chamber surroundings and establish the heat input to the system sampled.  
 
Furthermore, many active components were included in the chambers during the test to control and 
to measure environmental conditions. The most representative is several  AC/DC fans used to control 
air velocities within metering, guarded and cold chambers; baffle surfaces in the metering and cold 
chambers to achieve a uniform heat radiation process; and thermocouples connected to a data logger 
to measure temperatures at the system sampled surface, baffle surfaces and air in the chambers, from 
where chamber environmental temperatures can be obtained.  
 
To date, the research community has improved the Hot Box apparatus mainly by optimising its 
performance and functionality [73-75]. Nevertheless, the Hot Box experimental approach remains the 
same, where only external data to the building system sampled is measured allowing for the 
calculation of the overall thermal resistance.  
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2.3.4.3  Numerical methods 
On the other hand, numerical calculation methods can potentially allow the resolution of the thermal 
bridge three-dimensional heat flow problem, provide accurate quantitative information, and 
accommodate an unlimited number of assembly design variations.  
 
Thus, numerical methods are recognised by building designers as useful assessment tools to evaluate 
building design alternatives [76]. Indeed, specifications to perform numerical models are standardised 
[9, 12, 34] enabling the definition of design geometries, design material properties and boundary 
conditions.  
 
In this sense, the practice of comparing particular building system R-values calculated by numerical 
methods with measured data from the Hot Box test has shown that the numerical calculation of 
thermal bridges is straightforward if certain levels of overestimation due to the idealised model 
geometry are acceptable [77]. Nevertheless, while numerical models can reproduce transient and 
three-dimensional heat flow features, none of these features can be validated against the steady and 
one-dimensional Hot Box data.  
 
2.3.5 Characterisation of insulating properties: The Transient-State model 
When buildings are considered to be subjected to large daily temperature variations with respect to 
low seasonal fluctuations, a thermal performance assessment deeming pure steady state conditions is 
no longer precise [37, 43]. Under these conditions, the characteristic time of a building assembly to 
achieve steady heat flow conditions “w” can equal or be higher than the period of the thermal cycle 
“c” and hence the solution of the one-dimensional Fourier continuity Eq. (18) is transient. 
 
2.3.5.1  Analytical methods 
Both daily and seasonal temperature variations can be approximated by sinusoidal thermal waves 
with a period of a day or a year respectively by Eq. (30) where “AmT” is the mean temperature, “AT” 
the wave temperature amplitude and “P” the period of the cycle. 
 
 
𝑇(𝑡) =  𝐴𝑚𝑇 + 𝐴𝑇sin (
2𝜋
𝑃
𝑡) 
(30) 
Under these circumstances, the periodic solution of the Fourier continuity equation is deemed 
appropriate to evaluate building thermal performance. Even though the theoretical approach includes 
significant approximations to real-life environment conditions, its accuracy is considered to be 
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sufficient for the building design process in the early design stages, and its simplicity allows a 
valuable estimation of building indoor temperatures.  
 
Indeed, the periodic solution for the one-dimensional Fourier continuity equation Eq. (12) delivers 
the temperature distribution through the building material expressed by Eq. (31) where Ts is the 
amplitude of the temperature applied to the monolayer building system. 
 
 
𝑻 = 𝑇(𝑥, 𝑡) =  𝑇𝑠𝑒
−√
𝜋𝜌𝑐
𝑃𝑘
(𝑥+𝑗𝑥)
𝑒𝑗
2𝜋𝑡
𝑃  
(31) 
 
According to Fourier’s Law, the heat flow at certain depth “x” of a single monolayer building system 
is expressed by Eq. (32) and together with the general solution for temperature distribution Eq.(31),  
the interaction of sinusoidal temperatures and heat flows variations at both indoor and outdoor 
monolayer building system surfaces can be established in matrix form as per Eq. (33), where “L” is 
the thickness of the monolayer building system, “T1” and “T2” temperature sinusoidal variations and 
“q1”, and “q2” are heat flow sinusoidal variations at both exposed and unexposed surfaces 
respectively. Eq. (33) can be simplified as per Eq. (34), where the matrix that includes all material 
properties, is the transmission matrix of a single monolayer building system. 
 
 
𝒒 = 𝑞(𝑥, 𝑡) =  −𝑘
𝜕𝑇(𝑥, 𝑡)
𝜕𝑥
 
(32) 
 
 
 
[
𝑻𝟏
𝒒𝟏
] =  [
cosh ( + 𝑗) (sinh( + 𝑗))/𝒂
(sinh( + 𝑗))𝑥𝒂 cosh ( + 𝑗)
] [
𝑻𝟐
𝒒𝟐
] 
(33) 
 
 
[
𝑻𝟏
𝒒𝟏
] =  [
𝑠11 𝑠12
𝑠21 𝑠22
] [
𝑻𝟐
𝒒𝟐
] 
(34) 
 
A sinusoidal heat flux load can also be approximated by Eq. (35) where “Amq” is the mean heat flux 
applied, “Aq” the wave amplitude and “P” the period of the cycle.  
 
 
?̇?𝑒
" (𝑡) =  𝐴𝑚𝑞 + 𝐴𝑞sin (
2𝜋
𝑃
𝑡) 
(35) 
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The heat flow sinusoidal process through a single monolayer building system is represented in Figure 
2.19a and Figure 2.19b. In both cases, the monolayer building system is exposed at one of its surfaces 
to a cyclic heat load, deeming isothermal conditions at the unexposed surface (i.e. T2 =0) and adiabatic 
edges.  
 
When the monolayer building system is thermally thick the amplitude of the net heat flow wave 
“?̇?𝑛𝑒𝑡
" (𝑡)” decays exponentially as it passes through the material (Figure 2.19a). When the monolayer 
building system is thin (i.e. mass negligible) the amplitude of the net heat flow wave is the same at 
both exposed and unexposed surfaces (Figure 2.19b). Under these circumstances, the ability of the 
material to conduct heat is defined as the heat flow at the unexposed surface “q2” when the exposed 
surface is subjected to a sinusoidal heat load that results in a temperature variation “T1”. This is the 
cyclic transmittance “u”, also called cross admittance, and its analytical expression can be obtained 
from the transmission matrix of the material as per Eq. (36).  
 
In this sense, heat conduction capabilities depend on two parameters: the characteristic admittance 
“a” that describe the ability of the material to both conduct and store heat (Eq. (37)), and the cyclic  
thickness “”, a dimensionless parameter that represents the thickness of the monolayer building 
system depending on its volumetric heat capacity (Eq. (38)). The characteristic admittance includes 
material properties combined in the form of thermal inertia (i.e. kρc) and the cyclic thickness in the 
form of thermal diffusivity. When the volumetric heat capacity of the material is negligible (i.e. no 
mass) the cyclic transmittance tends to the steady state U-value.  
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Figure 2.19. Thermal conditions for the definition of a) u-value b) U-value (no mass). 
 
 
𝐮 =  (
𝑞2
𝑇1
)
𝑇2=0
=
1
𝑠12
= 𝑎√
2
𝑐𝑜𝑠ℎ(2𝜏) − 𝑐𝑜𝑠 (2𝜏)
𝑒
(𝑗(
𝜋
4−𝑎𝑟𝑐𝑡𝑎𝑛
(
𝑡𝑎𝑛 (𝜏)
𝑡𝑎𝑛ℎ (𝜏)
)))
 
(36) 
 
 
𝑎 = √
2𝜋
𝑃
kρc 
(37) 
 
 
𝜏 = 𝐿√
𝜋
𝑃
ρc
k
 
(38) 
 
For a multilayer building assembly including surface resistances, the u-value can be obtained from 
the matrices of each layer component multiplied together according to Eq. (39) and with notation 
simplified as Eq. (40) that defines the transmission matrix of a multilayered system, from where the 
cyclic transmission for a multilayered system is expressed as  Eq. (41). 
 
 
[
𝑻𝒊
𝒒𝒊
] =  [
0 −𝑅𝑠𝑖
0 1
] [
𝑠1 𝑠2
𝑠3 𝑠1
] [
𝑟1 𝑟2
𝑟3 𝑟1
] ⋯ [
0 −𝑅𝑠𝑒
0 1
] [
𝑻𝒆
𝒒𝒆
] 
(39) 
 
 
[
𝑻𝒊
𝒒𝒊
] =  [
𝑠11
′ 𝑠12
′
𝑠21
′ 𝑠22
′ ] [
𝑻𝒆
𝒒𝒆
] 
(40) 
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𝐮 =  (
𝑞𝑖
𝑇𝑒
)
𝑇𝑖=0
=
1
𝑠12
′  
(41) 
Indeed, when a multilayered system is exposed to cyclic heat load conditions on one side, an in-out 
cyclic heat flow process appears through the assembly. When the cycle period “P” is very short, there 
is no time enough for the heat wave to reach the other side of the assembly and hence the u-value is 
very low. On the contrary, when the cycle period is considerable, there is time enough for the heat 
load to be transferred steadily through the system and hence the “u-value” tends to the steady state 
U-value where the storage capacity is no longer apparent. In this sense, the U-value can be considered 
a particular u-value when the cycle period tends to infinite. Figure 2.20 illustrates this approach by 
representing the evolution of the u-value of two hypothetical building multilayer systems with the 
same U-value under increasing cycle heat load periods. For a cyclic period of a day, the u-value of a 
light system with low cyclic thickness (i.e. blue coloured line) is similar to the U-value. A heavy 
system with high cyclic thickness (brown coloured line) would require much larger periods to achieve 
the steady-state U-value.  
 
The effect of the mass on the material capability to conduct heat is also defined by the decrement 
factor or amplitude decrement “f”, expressed by Eq. (42) [57]. Decrements factors closer to 1 imply 
that the building system is very light and that the ability to reduce the heat flow due to external 
temperature variation is deficient. The decrement factor is also described by Eq. (43) where the 
outdoor temperature amplitude is compared with the indoor temperature amplitude [3, 78-80].  
 
 
 
f =
u − value (P = day)
u − value (P)
=  
u − value
U − value
 
(42) 
 
 
f =
Ai
Ae
=
Ti
max − Ti
min
Te
max − Temin
 
(43) 
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Figure 2.20. Variation of the cyclic transmittance value with increasing cyclic periods. 
 
The response of the exposed surface to a cyclic heat load is characterised by the admittance or self-
admittance “y-value”. This parameter is defined by Eq. (44) for single monolayer building systems 
and by Eq. (45) for multilayered systems including external and internal surface resistances. This 
parameter characterises the ability of the surface of a building assembly to absorb and release heat to 
the environment when subject to cyclic temperature variations. 
 
 
y =  (
𝑞1
𝑇1
)
𝑇2=0
=  
𝑠11
𝑠12
= 𝑎√
𝑐𝑜𝑠ℎ(2𝜏)+𝑐𝑜𝑠 (2𝜏)
𝑐𝑜𝑠ℎ(2𝜏)−𝑐𝑜𝑠 (2𝜏)
𝑒
(𝑗(
𝜋
4
−𝑎𝑟𝑐𝑡𝑎𝑛(
𝑠𝑖𝑛 (2𝜏)
𝑠𝑖𝑛ℎ (2𝜏)
)))
 
(44) 
 
 
 𝐲 =  (
𝑞𝑖
𝑇𝑖
)
𝑇𝑒=0
=  
𝑠11
′
𝑠12
′  
(45) 
 
The evolution of the y-value of two hypothetical building assemblies with the same U-value is 
represented in Figure 2.21. It can be seen that when the cycle period is very short, temperature changes 
in time are very high, and the ability to absorb and release heat at the surface is high, and high y-
values characterise this up to a limit where the y-value equals the inside film coefficient [57]. On the 
contrary, when the cycle period is very large, the storage effect is no longer apparent, and the “y-
value” tends to the steady state U-value. For a cyclic period of a day, this is the case when the system 
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is lightweight (blue coloured line) and defers significantly as the volumetric heat capacity of the 
system increases (brown coloured line). 
 
 
Figure 2.21. Variation of the surface admittance value with increasing cyclic periods. 
 
The analytical procedure to quantify both the characteristic u-value and y-value for a homogeneous 
finite-thickness layer and a multilayer building assembly is described in detail on literature [55-57] 
and also standardised [81], and they can be used to predict building thermal performance as presented 
later.  
 
 
2.3.5.2  Experimental methods 
Currently, there is no standardised procedure for measuring the characteristic thermal performance 
of building assemblies under transient cyclic thermal conditions [82, 83].  Therefore, the validation 
of existing numerical models is not complete. Nevertheless, some experimental procedures have been 
developed by adapting the standardised Hot Box experimental device [71]. Brown and Stephenson 
developed experimental procedures adapting the standardised Hot Box facility so that programmed 
constant, ramp or sinusoidal temperatures could be applied on building assemblies [82]. It was 
demonstrated that the Guarded Hot Box could be used to define the frequency response of full-scale 
wall building assemblies and so they did for seven wall different building assemblies [84].  More 
recent studies have followed similar testing approaches to analyse the influence of structural elements 
acting as thermal bridges including transient effects [83, 85] where measurements were performed at 
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both sides of a building assembly as represented in Figure 2.22. Also, There have been studies that 
measured the decrement factor experimentally according to Eq. (43) using the full experimental scale 
test room MINIBAT where a building assembly is placed between a climatic chamber and a solar 
simulator as represented in Figure 2.23 [20]. 
 
 
Figure 2.22. Representation of a Guarded Hot Box facility for testing in dynamic thermal 
conditions. Extracted from [83]. 
 
Figure 2.23. Full-scale test room MINIBAT facility. Extracted from [20]. 
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Given that the Hot Box was never intended to provide this level of detail, these experiments, while 
useful, are inevitably limited. Therefore, there is a need to develop a testing procedure that provides 
validation data that includes transient and three-dimensional effects. 
 
Also, no available experimental procedure allows the measurement and control of the heating 
boundary condition so that this could be varied in a systematic way to provide sufficient volume of 
data for the statistical analysis of the thermal characteristics of construction systems. Given that the 
Hot Box relies on the variation of the temperature of the airflow, changing the heating condition is 
hugely cumbersome [51, 74-76]. Also, the heat flux through the assembly is a function of its thermal 
properties. Thus, heat-fluxes are very difficult to control, and as a result, the error between measured 
and calculated transient response characteristics of a building assembly can be significant, especially 
when thermal inertia is high [75, 76]. Similar conclusions can be found in the literature regarding the 
standardised fire testing furnace [69]. 
 
 
2.3.5.3  Numerical methods 
Numerically, this study found that numerical methods have been used by the research community 
mostly to calculate the decrement factor by following Eq. (43) approach, that may be used to 
understand a significant number of research topics  [78-80, 86-88]. Nevertheless, for this project, it 
is found convenient to explore more refined work done to calculate the cyclic thermal transmittance 
numerically, so that decrement factors can also be obtained, together with the surface admittance. In 
this regard, it is highlighted the work performed by the Division of Building Technology (KTH) in 
Stockholm that developed a specific program to quantify the effect of structural elements included in 
the building assembly to calculate an overall u-value and an overall y-value of a building assembly 
[89].  
 
 
2.4  Discussion and concluding remarks 
From the literature review, it is found that traditionally a steady-state model is used by the building 
industry to describe insulating properties because this model is simple and allows a conservative 
approach to design heating systems in cold climates. The use of a steady-state model can be justified 
when the characteristic time of a building assembly to reach steady heat flow conditions is much 
lower than the period of cyclic external temperature variations.  
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Under these circumstances the characteristic parameter that defines the insulating properties of 
building assemblies is the thermal resistance R-value or the thermal transmittance U-value, both 
inverse parameters, where the only relevant material included is the thermal conductivity “k”.  
 
Furthermore, governments have significantly increased building component R-values to increase 
insulating performance in buildings so that international energy efficiency commitments are met.  
However, these policy decisions of government have been made directly following the same thermal 
model such that only insulating materials with very low thermal conductivity can comply prescriptive 
energy efficiency requirements.   
 
The literature review revealed that combustible materials with low thermal conductivities are good 
for thermal performance but introduce poor flammability properties, also because they are associated 
to low density properties. Hence, significant vulnerabilities in fire safety are introduced into 
buildings, compromising occupant life safety as per recent dramatic fire scenarios. 
 
Acknowledging this link between the insulating properties of materials commonly leveraged by 
government regulators for energy efficiency and poor fire performance of buildings is essential to 
ensure these same dramatic fire scenarios are not repeated.  While this realisation can empower 
responsible decision making into the future, it could equally be a disabling force in the absence of a 
means to resolve these competing conditions.   
 
An analysis of the heat transfer process through building components together with climate 
temperature conditions revealed that when the characteristic time of a building assembly to reach 
steady heat flow conditions is comparable to the period of cyclic external temperature variations, a 
cyclic transient state model is necessary to evaluate building components insulating capabilities. In 
this case, the characteristic parameter that defines the insulating properties of building assemblies is 
the cyclic transmittance u-value that can also be found in literature in the form of decrement factor or 
amplitude decrement.  
 
Therefore, by using transient thermal parameters, the conduction heat gains/losses through the 
building envelope can be quantified so that a more accurate prediction of building thermal 
performance can be made. Together with another transient-state based parameter, the internal surface 
admittance of the building envelope building components, it is possible to predict building indoor 
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temperatures. This can be made by following the admittance procedure, a robust and well-established 
methodology that is tractable by manual calculation.  
 
A very important finding from the literature review stage is that all relevant properties for fire 
performance evaluation can be found in the cyclic thermal performance approach since both are based 
on a transient-state model. These properties are the thermal conductivity “k”, the density “ρ”, and the 
specific heat “c” combined in the form of the thermal inertia. As a result, by evaluating the thermal 
inertia both thermal and fire performance can be controlled. Therefore, this is the quantitative inter-
related parameter needed to develop the pursued integrated assessment method. Hence, the first 
specific objective necessary to achieve the overall aim of this project is achieved.  
 
 With respect to the experimental approach of building components thermal assessment, from the 
literature review it was found that building assemblies R-value has always been measured by the 
standardised Hot Box method. However, this method follows a complicated and time-consuming 
methodology specifically designed to deliver the overall R-value of building assemblies, where only 
information external to the building assembly is measured. The complexity of modern building 
assemblies is such that many times mean characteristic insulating values are not enough  to improve 
the design of the assembly. If the objective is to optimize the assembly to achieve specific insulating 
properties, then the Hot Box test assessment approach is too coarse. It does not allow the definition 
of details such as internal heat transfer paths, material imperfections, or contact resistances, which 
are required to perform a realistic evaluation of the contribution of each component to overall 
characteristic properties.  
 
A comprehensive review of large and medium scale reaction-to-fire experimental tests revealed that 
similar to those related to thermal performance, they are also highly cost and time-consuming, and 
they do not provide information that can be used for modelling purposes to predict fire performance 
such flammability properties. Nevertheless, small-scale tests are more flexible and accessible, and 
they do provide information about critical parameters such the thermal inertia for ignition that can be 
used to populate models that ultimately can be validated by either large or medium scale tests.  
 
These findings support the development of more data-inclusive, flexible and affordable thermal and 
fire assessment methodologies, the second specific objective pursued by this thesis. From the 
literature review, it is concluded that this objective can be achieved by considering small-scale tests, 
which are low cost and time consuming and allow the extraction of valuable data. Then, a numerical 
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model complemented by small-scale thermal tests can be developed to obtain parameters such as the 
thermal inertia and furthermore, a small-scale fire test can be developed to verify flammability 
properties estimated using this common parameter.  
 
In summary, the literature review performed revealed that an integrated quantitative assessment 
method complemented by accessible small-scale experimental methods is possible to control both 
building thermal and fire performance without detrimental effects affecting each other. This is 
achieved by using transient thermal models where the fundamental material property is the thermal 
inertia.  
 
Nevertheless, further work is needed to evaluate “how good” insulating requirements based on a 
transient state approach are compared to the traditional steady-state R-values. Therefore, an analysis 
of building thermal performance using both the steady and transient thermal model was performed in 
this thesis work and presented in the following chapter.  
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3  Building thermal performance in Australia 
3.1  Introduction 
To be able to justify the use of a transient thermal model for building thermal performance 
optimisation, a study is performed in this chapter for buildings located in Australia. It will be 
demonstrated that a transient model allows for a more realistic building thermal assessment and that 
it is adequate for building thermal performance assessment in specific Australian geographical 
locations. 
 
From the literature review, it was found that many aspects influence building occupants comfort but 
more importantly, that temperature is the most representative. Thus, this chapter focussed on 
temperature. Regarding to this, it was also found that the transient-state building thermal performance 
model includes all relevant parameters to evaluate fire performance, so this model is valid to develop 
the pursued integrated method.  
 
In this chapter, it is compared and analysed predicted building thermal performance by using the 
characteristic insulating properties derived from both steady-state and transient-state models. For this 
purpose, deeming conduction heat flow through the building envelope in isolation is assumed 
sufficient since they represent the main heat input/output directly affected by weather conditions [3, 
55].   
 
This chapter is composed of two separated studies complemented with an analysis of Australian 
weather conditions (extended in Appendix A) that allow two different analyses. The first section deals 
with conduction heat gains and losses and the second with indoor temperature predictions using the 
admittance method. 
 
 
3.2  Study of conduction heat gains /losses through building systems due to seasonal and daily 
temperature fluctuations 
3.2.1 Introduction 
As introduced in point 2.3.1, building thermal performance can be predicted by considering the 
building as a thermal system with some heat inputs and outputs depending on its location and its use 
so that thermal performance can be predicted. As Steven V. Szokolay posited [3], there are studies 
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that suggest a rule of thumb that where the difference between the monthly mean maximum 
temperature and the monthly mean minimum is higher than 10°C, capacitive insulation which is 
characterized by a cyclic transient thermal model will be beneficial to a building’s thermal comfort. 
Hence, heavy construction should be considered in building designs. Due to the characteristics of the 
Australian climate, with potentially larger daily and smaller seasonal temperature variations, 
Szokolay’s approach can be better understood. As a result, it can be demonstrated that a steady-state 
approach in isolation can introduce significant errors when assessing building thermal performance. 
 
This study focusses on the quantification of energy gained or lost that brings the use of heating or 
cooling devices. This is done by considering hypothetical sections of building assemblies whose 
boundaries are assumed adiabatic where it is considered weather conditions on one side and indoor 
temperature on the other side.  
 
To conduct this study, four different lightweight prefabricated system walls and a traditional massive 
brick wall system are considered (Table 3.1). Each system has been thermally characterised by the 
steady-state R-value and the cyclic f-decrement factor (i.e. F-value). For the cases involved, the 
decrement factor has been derived according to the calculation process described in point 2.3.5.1 . 
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Table 3.1. System walls considered in this study: material thermal properties and derived 
component system thermal parameters, along with other physical characteristics. Materials 
underlined are indoor material layers. 
 
 
 
3.2.2 Methodology 
To evaluate both steady and transient state model parameters, an analysis of Australian weather data 
has been performed where the dry bulb air temperature data is considered from the available historical 
climate data, recorded by some automatic weather stations of the Australian Bureau of Meteorology.  
 
For this study, it has been considered temperature data from 32 Australian stations covering BCA 
climate zones 1 to 8. Also, the climate data belonging to 2 locations from the Australian portion 
claimed of Antarctica and 2 Australian Islands located both in Pacific and the Indian Ocean which is 
taken as extreme cases to highlight the influence of both steady and transient models on heat 
conduction through building systems and thus clarify the outcomes of this study.  
 
From the historical data records, monthly means maximum temperatures and monthly means 
minimum temperatures along with monthly means temperatures for a whole year for a representative 
Multilayered 
System Wall Material
Layer 
Thickness 
(mm)
k  
Conductivity 
(W/mK)
ρ   
Density 
(kg/m3)
Cp   
Specific 
Heat 
(J/kgK)
R-value 
(m2K/W)
f   
Decrement 
factor
LHF Prefab wall Plasterboard 13 0.18 680 1028 3.0 1.0
Glass Fibre Wall Batt 90 0.04 10 1210
AIR 19 (Ra) (Ra) (Ra)
External Cladding 12 0.12 540 1210
SIP Prefab wall (I) MgO 7.5 0.18 1500 955 3.8 1.0
PIR 70 0.02 38 1450
MgO 10 0.18 1500 955
Render 10 0.70 1100 900
CLT Prefab wall CLT (Yellow Pine) 75 0.15 680 1028 2.8 0.7
PIR 41 0.02 38 1450
External Cladding 12 0.12 540 1210
SIP Prefab wall (II) Yellow Pine 45 0.15 640 2805 4.1 0.5
MgO 10 0.18 1500 955
PIR 70 0.02 38 1450
MgO 10 0.18 1500 955
Render 10 0.70 1100 900
Solid Brick wall Plaster (dense) 13 0.57 1300 1000 1.9 0.1
solid brick 220 0.56 1750 1000
EPS 50 0.04 15 1450
Render 19 1.00 1800 1000
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location of each climate zone have been plotted (see Appendix B). As represented in Figure 3.1 for 
Melbourne it is also included monthly means thermal neutrality temperatures along the year 
calculated according to Auliciem’s expression [3]. It is the temperature at which a person feels 
thermally neutral, so it has been considered as a comfort benchmark. 
 
 
Figure 3.1. Representation of the daily temperature difference (D) and the maximum 
temperature difference between monthly mean and thermal neutrality temperature variations 
(MD). 
 
To be able to represent the influence of seasonal temperature variations, a maximum temperature 
difference (MD) has been defined as the maximum temperature difference between the monthly mean 
temperature variation and the monthly mean thermal neutrality thermal variation calculated by Eq. 
(17) along the year. Figure 3.1 and Table 3.2 represent this approach together with the daily 
temperature fluctuation (D) defined for each Australian location deemed for this study as the mean 
temperature difference of the differences along the year between monthly means maximum and 
minimum temperatures. This value will be used to quantify and evaluate heat conduction through 
building systems according to a transient state approach. 
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Table 3.2. Historical mean daily temperature variation (D) and the maximum temperature 
difference between monthly mean and thermal neutrality temperature variations (MD) values 
for the Australian locations considered. 
 
 
A worst-case scenario for conduction heat transfer through the building system involved can be 
represented as a hypothetical day with maximum indoor-outdoor temperature difference (MD) and 
BCA climate zones Australian location MD D
Coconut Island (Torres Strait Islands) 2.79 °C 6.22 °C
Zone 1 Darwin Airport NT 2.62 °C 8.84 °C
Cairns Aero QLD 2.83 °C 8.23 °C
Port Hedland Airport WA 3.97 °C 13.82 °C
Rockhampton Aero QLD 6.32 °C 11.70 °C
Zone 2 BRISBANE Aero QLD 7.28 °C 9.73 °C
Toowoomba Airport QLD 9.70 °C 10.49 °C
Coffs Harbour MO NSW 8.49 °C 9.34 °C
Tennant Creek Airport NT 4.87 °C 12.08 °C
Zone 3 Longreach Aero QLD 7.01 °C 15.63 °C
Alice Springs Airport NT 9.42 °C 15.53 °C
Thargomindah - Cunnamulla Post Office QLD 9.15 °C 13.88 °C
Murchison WA 8.22 °C 15.93 °C
Zone 4 Wiluna WA 9.04 °C 14.89 °C
Oodnadatta Airport SA 8.84 °C 14.49 °C
Mildura Airport VIC 10.80 °C 13.52 °C
Perth Airport WA 8.66 °C 12.36 °C
Zone 5 Mangrove Mountain NSW 10.25 °C 10.03 °C
Sydney Airport AMO NSW 9.25 °C 8.82 °C
Adelaide Airport SA 10.04 °C 10.10 °C
Ravensthorpe WA 9.67 °C 12.28 °C
Zone 6 Orchard Hills -  Penrith Lakes AWS NSW 9.60 °C 12.23 °C
Kingston - Cape Jaffa (The Limestone) SA 10.15 °C 8.94 °C
Melbourne Airport VIC 11.22 °C 10.28 °C
Canberra - Tuggeranong (Isabella Plains) AWS ACT 13.36 °C 13.88 °C
Zone 7 Cape Sorell TAS 11.08 °C 5.48 °C
Hobart Airport TAS 11.87 °C 9.44 °C
Scotts Peak Dam TAS 13.25 °C 8.72 °C
Mount Hotham VIC 18.88 °C 6.03 °C
Zone 8 Mount Buller VIC 18.01 °C 6.44 °C
Liawenee TAS 16.15 °C 10.50 °C
Mount Read TAS 16.25 °C 5.93 °C
ANTARCTIC Heard Island (Atlas Cove) Aus. Ext. Territory INDIAN OCEAN 15.46 °C 3.61 °C
CLIMATE Macquarie Island TAS - PACIFIC OCEAN 15.36 °C 3.52 °C
Casey (ANTARCTICA) 27.71 °C 6.64 °C
Davis (ANTARCTICA) 29.68 °C 5.71 °C
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maximum daily temperature variation. However, the day of the year when these two maximum values 
may not coincide, so the mean daily temperature difference along the whole year (D) is used instead. 
 
The total conduction heat flow “Q” through the building systems considered for this hypothetical day 
can be evaluated in two distinct terms as expressed by Eq. (46). The first term is the mean conduction 
heat flow driven by the temperature difference between indoor and outdoor monthly mean 
temperatures, which are considered constant values throughout this possible day and thus under 
steady state conditions. As noted, maximum values from historical data over a whole year (i.e. MD 
values) have been taken into account. This has been used to quantify the maximum daily mean heat 
flow due to seasonal temperature variations for each Australian location considered on this study by 
Eq. (47). There is also a conduction heat flow “sQ” due to the temperature deviations from the outdoor 
daily mean temperature at any time for the 24-hour period, which constitutes a cyclical transient 
condition expressed by Eq. (48). Again, in this study, it has been considered the worst-case scenario 
for heat conduction and thus, the highest temperature variation from the mean temperature over this 
hypothetical day (D/2). This way, time lags associated with decrement factors are assumed to be those 
providing daily peak temperature values. A first approximation of the building system’s heat flow is 
made based on daily temperature variations. Excluded from this study is the influence of heat inputs 
due to solar radiation, radiant and convection losses on to the building system surfaces, as sol-air 
temperatures do [51].  
 
 𝑄 = 𝑚𝑄 + 𝑠𝑄 (46) 
 
 𝑚𝑄 = 𝐴𝑈𝑀𝐷 (47) 
 
 
𝑠𝑄 = 𝐴𝑈𝑓
𝐷
2
 
(48) 
If building codes relevant to component systems and their respective requirements are defined by R-
values only, the conduction heat flows through a component system considering seasonal temperature 
variations only according to Eq. (47) are used. Thus, those Australian locations with low seasonal 
temperature variation and high daily temperature variation will have a low impact on conduction heat 
transfer due to these seasonal temperature variations. Nevertheless, the amount of heat flowing 
through the building system due to high daily temperature variation could be significant.  
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The current building code limits the amount of conduction heat flow for each Australian climate zone 
providing R-values only as deemed to satisfy thermal parameter for building systems and thus, 
considering just seasonal temperature variations. Because there is no thermal parameter in the code 
to characterise how a building system behaves under daily temperature variations (i.e. cyclic transient 
conditions), it is not possible to limit this extra conduction heat flow. This way, the deviation on the 
total heat flow flowing could be relevant. This is what this study will go on to evaluate in the following 
parts. 
 
In order to quantify the influence of a missing conduction heat flow due to daily temperature 
variations over the total heat flow, taking into account both seasonal and daily temperature variations, 
a number of calculations have been performed. This has been made for each Australian location 
considered in this study for every wall system. The area “A” of all building systems considered is 1 
m2. For the case with an air cavity layer, the thermal resistance of the air “Ra” is taken into account 
according to CIBSE [55].  
 
3.2.3 Results 
The output of this study has been represented: Figure 3.2  shows the daily and seasonal temperature 
difference driven forces (i.e. both D/2 and MD values) of a representative Australian location for each 
climate zone. Figure 3.3 represents the deviation over the total conduction heat flowing through a 
system building when no conduction heat flow due to daily temperature variations is taken into 
account. 
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Figure 3.2. Representation of Daily temperature variations (D/2) and seasonal temperature 
maximum differences (MD) of a representative Australian location for each climate zone. 
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Figure 3.3. Conduction heat flow deviation when no conduction heat flow is considered due to 
daily temperature variations for the system building cases considered in this study. It is 
plotted based on relevant locations representing each Australian climate zone. 
 
3.2.4 Discussion and concluding remarks 
From Figure 3.2 it becomes evident that Antarctic areas have a strong seasonal temperature difference 
in comparison with daily temperature fluctuations. Thus, as shown in Figure 3.3, the amount of heat 
flow due to daily temperature variation is very low, and the deviation from the total conduction heat 
flow if that is not considered is also low for all building systems analysed (less than 25%). Therefore, 
this is the area where a steady state approach best represents the actual behaviour of a given wall 
system. In this sense, building systems located in Alpine areas (Zone 8) could also be accurately 
modelled and captured by this approach.  
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On the other hand, Australian climate zone 1 shows higher daily temperature fluctuations values than 
seasonal temperature differences. If the steady-state approach is employed herein isolation, the total 
conduction heat flow would be low. Nevertheless, the conduction heat flow due to daily temperature 
variations according to a cyclic transient model is very high. Thus, the level of deviation from the 
total conduction heat flow (if daily temperature variations are not considered) is highly relevant (up 
to 173%).  
 
Also, those building systems with low capacitive insulation capabilities, (i.e. decrement factors close 
to value 1) have strong deviations on conduction heat flow even complying current building code 
reaching the deem to satisfy R-value.  
 
Building component systems located on Australian Climate Zone 3 and 4 behave similarly, but the 
effect of capacitive insulation against daily temperature variations are less significant on the total 
conduction heat flow through them, but still relevant (up to 123%). Australian climate zones 2, 5 and 
6 show an intermediate level of deviation (less than 100%).   
 
In conclusion, attending to this analysis, it is necessary to consider the conduction heat flow due to 
cyclic daily temperature variations to evaluate more realistic heat gain/losses to a building envelope 
through its constituent building systems. The exception to such a finding could be the Australian 
climate zone 8 where a steady state approach delivers the best accuracy about real conduction heat 
flow. All other Australian climate zones would have a certain amount of deviation if steady-state 
approach were to be employed in isolation. Thus, in order to get the behaviour of the building system 
closer to the real-world conditions, a cyclic transient model parameter (i.e. decrement factor) must be 
included to take into account conduction heat flow due to daily temperature variations together with 
building systems steady state model parameter R-value (see Appendix C).  
 
As noted, this study has been performed using historical climate data from four locations per 
Australian climate zone only (see Appendix B). It is acknowledged that the more locations included 
in the study per zone, the more accurate the analysis, and thus the F-values proposed (see Appendix 
C). The authors aim to extend this study including a higher range of locations per climate zone, to 
account for the greater variety of climatic conditions, often contained within the broader frameworks 
of the BCA Climate Zone chart. 
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3.3  Study of building indoor temperature fluctuations  
3.3.1 Introduction 
This study follows a similar approach but focuses on the quantification of the building indoor 
temperature variations as a result of the energy gained or lost that enables the designer to assess 
different design assemblies better to achieve particular comfort conditions. The analysis is performed 
by deeming a hypothetical building design geometry where the whole envelope is made-up with the 
same assembly design approach.  
 
This study aims to analyse building performance models by comparing building indoor temperatures 
when the envelope is composed of building components with the same characteristics insulating 
properties under steady conditions but different under cyclic transient conditions. This way the 
deviation obtained from indoor comfort conditions can be highlighted when the steady-state model is 
considered in isolation. 
 
This study compares the influence of both models focussing on Australian geography and climate 
conditions detailed in Figure 3.4b. Similar studies can be found in the literature for other geographical 
regions like Italy [90, 91].  
 
This study considers the building geometry as represented in Figure 3.4a, where the same 
multilayered assembly composes the whole envelope. This simplified design is deemed sufficient to 
highlight the effect of characteristic insulating parameters derived from both the steady-state model 
and the cyclic transient model. Including other building elements such as fenestration would add 
accuracy but would not deliver valuable information for this analysis.  
 
The homogeneous multilayered systems deemed in this study are represented in Figure 3.5. Table 3.3 
includes the material properties of the systems together with the characteristic insulating parameters 
derived from both steady and cyclic transient models, where the resistance of air cavity “Ra” is 
assumed 0.18m2K/W [20]. 
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Figure 3.4. Building located in different Australian locations: a) Representation of the 
envelope design used for indoor temperature calculations b) Geographical building locations 
in Australia. 
 
 
Figure 3.5. Cross-section representation of the multilayered building systems deemed in this 
study: a) system case A b) system case B. 
 
Table 3.3. Properties of the multilayered system cases under analysis. 
 
 
 
 
Multilayered 
System Wall Material
Layer 
Thickness 
(mm)
k  
Conductivity 
(W/mK)
ρ   
Density 
(kg/m3)
Cp   
Specific 
Heat 
(J/kgK)
R-value 
(m2K/W)
f   
Decrement 
factor
tlag 
(hours)
y-value 
(W/m2K)
Case A Plasterboard 10 0.18 680 1028 2.8 1.0 -0.7 0.6
Mineral Wool 87 0.04 24 700
AIR 19 (Ra) (Ra) (Ra)
Fiber cement 10 0.50 1000 1210
Case B MgO 10 0.18 1500 955 2.8 0.5 -5.7 3.4
Yellow Pine 45 0.15 640 2805
PIR 45 0.02 38 1450
MgO 10 0.18 1500 955
Render 10 0.70 1100 900
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3.3.2 Methodology 
This study focuses on the analysis of conduction heat transfer models, so the building described as a 
thermal system in point 2.3.1 can be simplified by assuming all heat inputs/outputs negligible and 
keeping conduction heat gains/losses as the only driving force that alters the indoor building 
temperature. 
 
From maximum and minimum historical temperature records for a particular month of the year, Tmmax 
and Tmmin respectively, of a particular Australian location [92], an outdoor mean daily temperature 
Tm,ave can be obtained by Eq. (49). From this, an hourly outdoor temperature variation for a day can 
be approximated by representing a sinusoidal expression according to Eq. (50) where “t” is the time 
of the day in hours and the phase is adjusted by 8.5hours so that the maximum temperature represented 
is reached between 14h and 15h., the interval of time at which maximum temperature usually occurs 
[66].  
 
 
 
𝑇𝑒,ℎ = 𝑇𝑚,𝑎𝑣𝑒 + 𝑇𝑚,𝑎𝑣𝑒 sin (−8.5 + (𝑡 + 𝑡𝑙𝑎𝑔)
2𝜋
24
) 
(50) 
 
The calculation of building indoor temperatures is performed by the admittance method described in 
which accept that in the absence of solar or internal heat gains/losses both the outdoor and indoor 
mean daily temperatures are the same (Eq. (51)).  
 
 
In this sense, any heat gain/loss is dissipated by increasing/decreasing the indoor building 
temperature. By assuming that conduction heat flow processes through the envelope are due to 
external temperature variations only, the building thermal equilibrium can be expressed by Eq. (52). 
Taking into account Eq. (51), the hourly indoor temperature for a day can be obtained by Eq. (53).  
 
 
𝐴
𝑓
𝑅
(𝑇𝑒,ℎ − 𝑇𝑚,𝑎𝑣𝑒) = 𝐴𝑦(𝑇𝑖,ℎ − 𝑇𝑖,𝑎𝑣𝑒)  
(52) 
 
 
𝑇𝑚,𝑎𝑣𝑒 =
(𝑇𝑚𝑚𝑎𝑥 − 𝑇𝑚𝑚𝑖𝑛)
2
 
(49) 
 𝑇𝑖,𝑎𝑣𝑒 = 𝑇𝑚,𝑎𝑣𝑒 (51) 
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By comparing graphically, the resulting indoor temperature with the desired internal temperature at 
which thermal neutrality is achieved statistically according to Eq. (17). This study analyses the effect 
of capacitive insulating properties of building design assemblies with the same R-value to achieve 
comfort conditions. Also, a better understanding can be achieved about the deviation that exists using 
the steady-state model in isolation to estimate heat gains/losses, as demonstrated in point 3.2 . 
 
3.3.2.1  Validation of the method 
Eq. (53) has been validated by comparison with the calculation of Ti,h performed with the building 
thermal simulation software ECOTECT whose internal calculation procedure is also based in the 
admittance model.  
 
In this sense, the geometry represented in Figure 3.4 has been modelled with all components 
according to the Case A multilayer assembly described in Figure 3.5 and Table 3.3 data. Indoor 
temperature variation has been calculated with the same assumptions considered in the method 
presented when the building is in Darwin (North Territory/Australian Climate Zone 1).  
 
Both calculations are made with the same hourly temperature history for the 15th July and 15th January 
data available from ECOTECT. In this sense, hourly data is input into Eq. (53) directly. Figure 3.6 
and Figure 3.7 represent the indoor temperature variation calculated by ECOTECT and using Eq. (53) 
together with the Thermal neutrality calculated according to Eq. (17), where it can be seen that 
calculated values using both procedures are similar to a small difference that this study assumes 
negligible for the objective pursued. 
 
 
𝑇𝑖,ℎ =
𝑓
𝑅𝑦
(𝑇𝑒,ℎ − 𝑇𝑒,𝑎𝑣𝑒) + 𝑇𝑒,𝑎𝑣𝑒 
(53) 
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Figure 3.6. Comparison of Indoor Temperature calculated by the proposed method and by 
ECOTECT (Darwin, 15th July). 
 
 
Figure 3.7. Comparison of Indoor Temperature calculated by the proposed method and by 
ECOTECT (Darwin, 15th January). 
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3.3.3 Results 
The method presented has been used for the building geometry, considering both assembly systems 
involved in this study. Australian historical weather conditions represented in Appendix B are 
considered for a day on winter time (15th July) and summertime (15th January). Figure 3.8 and Figure 
3.9 present indoor temperature calculated for Cairns (QLD) for a day of winter time and summer time 
respectively. Figure 3.10 and Figure 3.11 present indoor temperature calculated for Mount Read 
(TAS) for a day of winter time and summer time respectively. Indoor temperature variations for more 
Australian location can be found in Appendix D.  
 
 
Figure 3.8. Case A and B Indoor Temperature variations at Cairns (QLD), Australian 
Climate Zone 1, 15th July. 
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Figure 3.9. Case A and B Indoor Temperature variations at Cairns (QLD), Australian 
Climate Zone 1, 15th January. 
 
 
Figure 3.10. Case A and B Indoor Temperature variations at Mount Read (Tasmania), 
Australian Climate Zone 8, 15th July. 
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Figure 3.11. Case A and B Indoor Temperature variations at Mount Read (Tasmania), 
Australian Climate Zone 8, 15th January. 
 
 
3.3.4 Discussion and concluding remarks 
By comparing estimated indoor temperatures in different Australian locations, it can be seen that 
indoor temperature variations of buildings envelopes with the same steady-state R-value but different 
parameters derived from a transient model (i.e. decrement factor/u-value and surface admittance) can 
defer significantly.  This way, a transient model allows a more detailed building thermal performance 
analysis. 
 
The ideal indoor thermal neutrality temperature in those buildings located in high latitudes and 
altitudes is far from outdoor temperatures variations. Then, predicted indoor temperature fluctuation 
differences for both cases remain far from comfort conditions. Hence, if temperature variations are 
approximated as mean values, then the deviation with real-life performance is low and deeming a 
steady thermal model in isolation can be assumed appropriate.  
 
Similar conclusions can be obtained when buildings are located at those geographical locations with 
high altitudes as is the case of Mount Read (1120m above sea level) whose indoor temperatures are  
represented in Figure 3.10 and Figure 3.11. This observation agrees with the analysis performed 
previously and therefore; these are the geographical areas where a steady state approach best 
represents the actual behaviour of a given wall system.  
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However, indoor temperature variations predicted for the building located in Australian climate zone 
1 to 7 are very close to the ideal indoor thermal neutrality temperature, especially in summer time. In 
these cases, if only mean temperature values are considered, peak indoor temperatures reached during 
day and night time cannot be evaluated, and the building performance deviation can be significant. 
This is the case of the building cases located in northern Australia where statistical thermal comfort 
temperature is below the predicted indoor temperature.  
 
In any case, the indoor temperature variation is significantly lower when the decrement factor is low, 
and the surface admittance is high. This is beneficial during the day when maximum outdoor 
temperatures are reached. During the night time, comfort temperatures are still below both predicted 
indoor temperatures. Nevertheless, outdoor temperature conditions are also below or near comfort 
conditions. Hence, indoor comfortability must be controlled by cross-ventilation in both building 
assembly cases. 
 
According to this study, and together with the analysis performed previously based on heat gains and 
loses it is demonstrated that a thermal assessment deeming a transient model allows a more realistic 
evaluation than considering the steady thermal model in isolation and then better design solution can 
be achieved.  
 
 
3.4  Summary and conclusion 
From the literature review, it was identified that a transient cyclic thermal model includes all relevant 
parameters needed for material flammability assessment. This chapter presents two building 
performance studies in Australia to compare both the steady-state and transient-state thermal models 
to identify both limitations and benefits.  
 
The outcome of this analysis justifies the use of a cyclic transient thermal model to achieve more 
realistic, and in certain geographical locations in Australia, more appropriate building thermal 
performance assessments.  Therefore, it has been enabled the development of an integrated 
assessment method to achieve optimised building performance solutions in several ways. 
 
First, it has been estimated the conduction heat flow deviation where otherwise no conduction heat 
flow is considered due to daily temperature variations for the system building cases considered (i.e. 
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steady-state thermal model in isolation). It is clearly  seen that the thermal performance described by 
a steady-state model for buildings located in high latitudes and altitudes can be assumed acceptable 
because the deviation accumulated by performing a transient analysis is low.  
 
Nevertheless, the deviation is significant in those locations with low latitudes where daily temperature 
variations are more representative than seasonal temperature variations. In these cases, a thermal 
steady-state model in isolation to describe thermal performance introduces sifnificant deviations 
when compared with predictions from a transient-state model.  
 
Therefore, in Australia, the use of energy efficiency prescriptive parameters based on a transient 
thermal model (i.e. decrement factor/cyclic transmittance) could be effectively implemented and 
could also allow better control of building thermal performance. 
 
Second, it has been revealed that building components with the same steady-state parameter R-value 
can have a different cyclic transient state parameter u-value and therefore different insulating 
properties delivering different building thermal performance. Thus, resulting in indoor temperature 
variation from one case to another for several Australian geographical locations.  
 
Therefore, the outcome of this study suggests that a revision of current prescriptive steady-state R-
value requirements should be made to fit better with Australian weather conditions’ influence on 
building thermal performance. In line with this project objectives, it would also add flexibility for 
building designers to choose construction materials with lower thermal conductivities (i.e. higher R-
values) such as timber (i.e. higher u-value/thermal inertia) that have the potential to provide better 
thermal performance in these geographical locations. 
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4  Method for an integrated assessment 
From the literature review it was found that both thermal and fire models can be inter-related by the 
thermal inertia in a transient-state model, thus achieving specific objective 1. Also, it was found that 
small-scale tests are more accessible and that they provide key information for modelling purposes. 
So, the development of more data-inclusive, flexible and affordable thermal test is presented to satisfy 
specific objective 2. Therefore, the integrated method pursued to achieve the overall aim of this 
project will be based on the thermal inertia parameter extracted from numerical models and 
complemented with small-scale experimental methods. 
 
The methodology presented in this chapter can be applied to any building envelope component with 
exposed combustible materials. The testing procedure or methodology do not constrain the overall 
dimensions of the building system sampled. 
 
The integrated assessment method is composed of three main steps. First, a realistic thermal computer 
model of the multilayered building system sampled is achieved by performing a small scale thermal 
testing “SSTT” set-up. The thermal test defined is affordable and straightforward, so that the testing 
procedure can be readily followed and by which a building system is monitored internally and 
externally. An accessible heat source is used to apply a heat load on one surface of the building system 
in a systematic way from ambient temperature until steady heat flow conditions within the system are 
attained. Recorded measurements are compared with a computer model representing the testing 
approach so that by following an inverse method best fitting, the numerical parameter can be obtained. 
As a result, a model is obtained representing realistic internal heat flow processes that allow the 
evaluation of construction details such as material imperfections or contact resistances. The 
systematic variation of the heating load allows obtaining sufficient data to deliver statistically valid 
data assimilation.  
 
Once a realistic numerical model is achieved, it is used together with an excel spreadsheet for the 
calculation of the magnitude of both u-value and y-value at different points of the thermally exposed 
side of the multilayered building system assessed. By considering sufficient points in an even manner 
distributed over the multilayered system, the overall u-value and y-value can be obtained. This 
approach can also be used to calculate the overall U-value of the multilayered system by assuming 
no mass since under steady thermal conditions mass does not make itself apparent.  
 Method for an integrated assessment                                                                                               81 
 
 
Once both u-value and y-value at points of the exposed surface are obtained for a multilayered system 
numerically, they are assumed to be the characteristic insulating parameters of a hypothetical 
monolayer system. Thus, both u-value and y-value analytical expressions can be used to obtain the 
characteristic admittance “a” and the cyclic thickness “” by solving the corresponding non-linear 
system of equations. Finally, from the characteristic admittance “a” it can be extracted material 
properties in the form of apparent thermal inertia at the exposed surface of the system that is used in 
this study to achieve an integrated assessment for fire performance such us the estimation of an 
ignition delay time presented in this study. 
 
 
4.1  The small-scale thermal testing (SSTT) 
The SSTT uses a simple thermal test environment where a building system sampled is exposed to a 
particular heat load, created by exposing one of the surfaces to a radiant heater. Figure 4.1 and Figure 
4.2a illustrate the experimental set-up. Temperature histories across each layer of the system can be 
easily measured using thermocouples placed at different depths so that constant temperature gradient 
distributions can be ultimately obtained. Data is acquired through the entirety of the heating process. 
Thermal steady conditions are reached in the system when the temperature measured by all the 
thermocouples remains steady. The test duration is defined by the moment these circumstances are 
achieved.  
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Figure 4.1. Representation of the SSTT set-up. 
 
 
Figure 4.2. Small Scale Thermal Test approach: a) Overall test set-up view b) Thermocouples 
placed from the unexposed surface c) Temperature measure recorded by a Data Logger d) 
Numerical nodes matching the in-depth thermocouple location. 
 
 
      
      
Heat 
load 
D 
 Method for an integrated assessment                                                                                               83 
 
Thermal bridges create a three-dimensional heat transfer process within the system, where the net 
heat flow and thus temperature histories vary over the system depending on the proximity to the more 
conductive elements. To be able to include the effect of thermal bridges on the system, thermal 
gradients need to be measured in each layer in regions closer to and further from the thermal bridge 
elements. This can be seen on Figure 4.2b considering the lbSIP system geometry represented in 
Figure 1.9 where a set of thermocouples are located in-depth in the MgO spline and another set in the 
middle of one side of the EPS insulting core. 
 
A numerical model of the test was developed to calculate the temperature history within the system. 
By assimilating the data into the model, the temperature histories measured (Figure 4.2c) can be 
compared with a series of numerical temperature histories calculated at matching numerical points 
(Figure 4.2d) until the model input parameters can be obtained. Ultimately, these are the apparent 
thermal properties of each material component whose values include the effect of contact resistances 
and potential construction imperfections. Constants linked to the boundary conditions can also be 
fitted. 
 
4.1.1 Definition of the heat source and quantification of the heat flux over the exposed surface 
of the system 
When a heat load is applied to a surface of a non-homogeneous building system, it appears as a three-
dimensional internal heat flow process that is highlighted when the heat load increases. According to 
this, a particular heat load can be used to extract the desired apparent thermal properties that can be 
validated by applying different heat loads. This is easily achieved by exposing a surface of the 
assembly to a variety of radiant heat fluxes provided by a radiant panel. The heat flux can be modified 
by changing the distance (D) between the radiant panel and the exposed surface of the assembly 
Figure 4.1.  
 
The heater chosen to conduct this study is a commercial stainless steel 5 kW electric radiant heater 
with a rectangular shape and two bulbs. Before testing, the two-dimensional heat flux load produced 
by the radiant panel was mapped at different distances (Figure 4.3). A heat flux meter is used to 
measure heat flux intensities at points of a two-dimensional grid representing the exposed surface of 
the building system (Figure 4.4). Since the heater was symmetrical with respect to its geometrical 
centre, it was sufficient to perform the mapping of only a quarter of the system surface. Five two-
dimensional heat flux mappings were performed at 425 mm of separation (D1), 680 mm (D2), 825 
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mm (D3), 925 mm (D4) and 1025 mm (D5). An elliptical heat flux distribution was a reasonable 
approximation of the heat-flux provided by this particular heater (Figure 4.5 to Figure 4.9).  
 
 
Figure 4.3. Representation of the two-dimensional geometry and gradient of the radiant heat 
flux at three different separation distances. 
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Figure 4.4. Heat flux measurement by using a Heat Flux sensor. 
 
 
Figure 4.5. Radiant Heater Heat Flux mapping at D1 (425mm). 
 
 
          
 Method for an integrated assessment                                                                                               86 
 
 
Figure 4.6. Radiant Heater Heat Flux mapping at D2 (680mm). 
 
 
Figure 4.7. Radiant Heater Heat Flux mapping at D3 (825mm). 
 
 
Figure 4.8. Radiant Heater Heat Flux mapping at D4 (925mm). 
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Figure 4.9. Radiant Heater Heat Flux mapping at D5 (1025mm). 
 
 
4.2  The numerical model 
A Finite Element Model (FEM) is developed employing the thermal transient module of ANSYS 
Workbench V15. As mentioned, the model is firstly used together with the SSTT to define realistic 
model input data through an inverse procedure. In this case, the model recreates the SSTT approach. 
Then, the model will be adapted for the overall R-value calculation pursued. 
 
 
4.2.1 FEM calibration from SSTT 
Three-Dimensional geometry of the system is defined with all relevant construction features. In order 
to input the heat flux on the exposed face, the radiant heat flux mapping in the SSTT is applied to the 
exposed layer for each separation distance. Simplifications of potential geometrical complexities in a 
system are subjected to evaluation from the inverse method procedure. FEM boundary conditions are 
obtained from the SSTT approach. The initial model temperature is the ambient temperature 
measured when the SSTT starts. Similarly, FEM calculation time is set as the experimental time 
measured to reach steady conditions.  
 
To be able to set the radiant heat flux on the exposed surface of the system, it is considered an elliptical 
distribution according to the experimental results (Figure 4.10 and Figure 4.11). The shape and values 
of the heat flux surfaces are obtained from the radiant heater mapping (Figure 4.5 to Figure 4.9).  
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A radiant heat losses boundary condition was defined for all external surfaces. According to the 
ANSYS radiosity solver method, only diffuse grey surfaces are considered, so only emissivity values 
were inputs. This study followed an inverse method to calculate the apparent thermal properties of 
each component of the system and convective heat losses experimentally.  
 
As a starting point of the method, a convective heat transfer coefficient is set to the model. The 
building system material properties are obtained from the literature or experimentally, and they are 
included in the model definition.  
 
The FEM outputs are the temperature histories during the heating period (transient state) until steady 
thermal conditions are achieved by defining the temperature gradients distributed through the system. 
Then, they are compared with the SSTT temperature histories and distributions measured.  
 
Matching calculated and measured data deliver the apparent thermal conductivities of the building 
system materials including the effect of construction imperfections and the particular convective heat 
losses coefficient for the test environment. 
 
 
Figure 4.10. LSF system geometry adapted according to radiant heater heat flux mapping. 
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Figure 4.11. SIP system heat load and boundary conditions numerical parameters. 
 
 
4.2.1.1  Equivalent thermal properties of air cavities 
In an air cavity, the heat is transferred by radiation and convection processes. Nevertheless, it is 
considered in the FEM that the air cavity as an obstruction volume with equivalent thermal 
conductivity, density and specific heat that represents a combined effect of the radiation and 
convection heat transfer processes.  
 
In the literature, some standards provide an equivalent thermal conductivity of air cavities for 
numerical calculations [9, 12] and a value of air cavity of 0.026W/mK is used in [93]. The SSTT 
allows the measurement of the equivalent thermal conductivity for air cavities resulting in an 
optimised thermal assessment of the whole system. Thus, the experimental temperature data from 
three thermocouples are used (1, 2 and 3 in Figure 4.12). Considering that we know the thermal 
conductivity of Material 2, it is possible to estimate the net heat flowing between points 2 and 3 by 
applying Eq. (54), where i and j belong to points 2 and 3 respectively. Considering the same net heat 
flow through the whole system, and the temperatures measured in 1 and 2, the equivalent air thermal 
conductivity coefficient can be obtained. 
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Figure 4.12. Thermocouples distribution for air gap equivalent thermal conductivity 
coefficient estimation. “Lcav” is the thickness of the air cavity and “Lmat2” is the thickness of 
the adjacent material. 
 
 
𝑞𝑖−𝑗 =
𝑘𝑖𝑗
𝑑𝑖𝑗
(𝑇𝑖 − 𝑇𝑗) 
(54) 
 
 
4.2.2 The system overall R-value FEM calculation 
Once the apparent thermal conductivities are defined, the unique heat flow process within the system 
under analysis is defined, and it is followed until the thermal steady-state is attained. For the overall 
R-value calculation purpose, the edge boundary conditions in the model are assumed to be adiabatic. 
While the heat transfer within the assembly is three-dimensional, the overall heat transfer remains 
one-dimensional.  
 
The FEM outputs are the surface temperatures and the net heat flowing through the system (expressed 
per unit area), from where R-values are calculated considering nodal mean values at exposed and 
unexposed surfaces.  
 
The overall surface-to-surface R-value “Rc;op” is characteristic of the system and it is not dependent 
on the environment and can be calculated using Eq. (55). The air-to-air thermal resistance (R-value) 
is the Rc;op value adding the surface resistance values at both sides of the system as express Eq. (56).  
 
 
𝑅𝑐;𝑜𝑝 =
(𝑇𝑒𝑥𝑡.𝑠𝑢𝑟𝑓. − 𝑇𝑖𝑛𝑡.𝑠𝑢𝑟𝑓.)
𝑞
(
𝑚2𝐾
𝑊
) 
(55) 
 
 
𝑅𝑣𝑎𝑙𝑢𝑒 = 𝑅𝑐;𝑜𝑝 + 𝑅𝑠𝑖 + 𝑅𝑠𝑒     ;      𝑅𝑠𝑖/𝑒 =
1
ℎ𝑇𝑖/𝑒
 
(56) 
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4.2.3 The overall u-value and exposed surface y-value FEM calculation 
The transient temperature profiles of the system layers are interrelated, so altering the thermal 
properties of one material layer affects the transient performance of the whole assembly [94]. 
According to this, only the insulation layer is used to obtain the other two numerical fitting apparent 
properties (i.e. density and specific heat) because this material occupies the most significant volume 
in the system whose variation could significantly affect the performance of the whole system. 
 
Once apparent densities and specific heat material properties are extracted together with the apparent 
thermal conductivities, the numerical model is then adapted according to the thermal approach 
represented in Figure 2.19 to quantify the overall u-value of the system and the overall y-value of the 
surface exposed. The heat load applied to the building system geometry is a sinusoidal heat flux load 
that varies according to Eq. (35). This study considers a mean heat flux “Amq” equal to the “Aq” of 
100W/m2 and indeed a period of a day in seconds. A heat loss coefficient hT(1,t) at the exposed 
surface of 25W/m2K is included in the model to represent the standardised surface resistance Rse. 
This study considers the surface resistance Rsi at the unexposed negligible. 
 
FEM outputs are both the exposed and unexposed surface sinusoidal temperature histories and heat 
flow histories at different points of the system.  Wave amplitudes can be determined with the aid of 
an excel spreadsheet to finally calculate u-values and y-values at different points of the building 
assembly using Eq. (41) and Eq. (44) respectively. When these points are selected and disposed 
evenly in a matrix form at the exposed surface (white cross-dots in Figure 4.13), average u-values 
and y-values of matrix data can be obtained to calculate the overall characteristic thermal properties 
under cyclic transient conditions that include the effect of structural elements.  
 
 
Figure 4.13. Front view of a hypothetical building assembly sampled and a representation of a 
possible arrangement of matrix data (white marks). 
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To be able to validate this method, it is calculated the overall u-value of the system when no 
volumetric heat capacity is input in the model. Thus, the overall U-value of the system is calculated 
numerically under cyclic transient conditions including the effect of thermal bridges. Ultimately this 
is compared with the overall U-value obtained from the overall R-value calculated using the method 
described in point 4.2.2. The deviation obtained gives calculation accuracy so that the density of 
points included in the form of matrix represented in Figure 4.13 can be increased if deemed 
appropriate. 
 
4.3  Extraction of apparent thermal inertia: Integrated assessment with Fire safety 
Once the magnitude of both the u-value and the y-value at the surface of multilayered building 
assemblies whose flammability properties are deemed to be estimated are obtained, they are 
considered to be the characteristic insulating parameters of hypothetical monolayer building systems. 
Hence, Eq. (36) and Eq. (44) can be used and a non-linear system can be established and easily solved 
by using MATLAB to obtain both the characteristic admittance “a” and cyclic thickness “”. 
Finally, from the characteristic admittance expression (Eq. (37)) it can be obtained the apparent 
thermal inertia at the exposed surface (i.e. kρc) of the multilayered system. 
 
For the integrated assessment approach, the value of the apparent thermal inertia at the exposed 
surface of the system obtained from the energy efficiency parameters calculated is enough to estimate 
the delay time ignition as seen in Eq. (3) where the ignition temperature of the material exposed can 
be estimated from existing data on literature or using standardised tests [37] and the incident heat flux 
from the fire scenario “?̇?𝑒
" ” estimated. 
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5  Case studies 
To illustrate how the integrated assessment method is applied, both the lbSIP wall system described 
in point 1.4.3 and the LSF wall system described in point 1.4.2 are assessed. A third system is deemed 
appropriate to be assessed to conduct this research project being composed of the same lbSIP wall 
system but including an extra layer made of the 12mm plywood panel acting as external/internal wall 
cladding/lining. Finally, a fourth system is assessed to validate the R-value calculation with the 
standardised Hot Box so that it can be demonstrated that the methodology is reliable. 
 
 
5.1  The LSF wall system 
The LSF wall system characteristics are described in point 1.4.2. Due to the anisometric nature of this 
LSF building assembly, this study will analyse possible differences in the insulating capabilities of 
the system under both thermal steady and cyclic transient conditions by applying the heat flux from 
both directions. This means that the heat flux is applied first to the external cladding of the LSF 
system (plywood) to calculate the overall R-value of the system and then the same test is repeated but 
applying heat to the internal lining (plasterboard) for comparison. Similarly, transient model 
characteristic parameters, both u-value and y-value are quantified when cyclic heat load conditions 
are applied to both sides of building assemblies so that potential differences can be analysed. 
 
5.1.1 Small-scale experiment set-up and data measured - LSF 
According to the procedure proposed, two successions of type T thermocouples are placed through 
the system. Figure 5.1 represents the SSTT set-up where the thermocouples are arranged in the sample 
from the unexposed surface to avoid deviations in temperature measurement caused by heating the 
thermocouple wire. Figure 5.1 shows the representation of thermocouple locations on two cross-
section lines through the LSF sample, both located on the metal stud (red points) and following a line 
assumed to receive the lowest influence of the thermal bridge (blue points). A similar configuration 
is followed when the plasterboard layer is exposed by inverting the heater and the wiring location. 
 Case studies                                                                                                                                      94 
 
 
Figure 5.1. Small-scale experiment approach when the external cladding of the LSF system is 
exposed to a steady heat load. 
 
Under thermal steady heat flow conditions, the temperature gradient is linear, so it is decided to locate 
at least two thermocouples per material layer on each line to define the temperature gradient 
distribution for each material layer. Both aligned successions of points are equidistant from the centre 
of the radiant heat from the electric heater so that both thermocouples placed at the exposed surface 
receive the same heat load. Throughout the testing time, the temperature measurement for each case 
was processed by a data logger.  
 
Temperature histories recorded during the heating period (transient-state) in three different depths of 
the mineral wool layer are represented from Figure 5.2 to Figure 5.4 when the external cladding 
(plywood) is exposed to different heat flux loads. Similar data is represented from Figure 5.5 to Figure 
5.7 when the internal lining (plasterboard) is exposed.   
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Figure 5.2. Measured temperature histories in the mineral wool insulating layer of the LSF 
system when the external cladding is exposed at a distance D1 from the radiant heater. 
 
Figure 5.3. Measured temperature histories in the mineral wool insulating layer of the LSF 
system when the external cladding is exposed at a distance D2 from the radiant heater. 
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Figure 5.4. Measured temperature histories in the mineral wool insulating layer of the LSF 
system when the external cladding is exposed at a distance D3 from the radiant heater. 
 
Figure 5.5. Measured temperature histories in the mineral wool insulating layer of the LSF 
system when the internal lining is exposed at a distance D1 from the radiant heater. 
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Figure 5.6. Measured temperature histories in the mineral wool insulating layer of the LSF 
system when the internal lining is exposed at a distance D2 from the radiant heater. 
 
 
Figure 5.7. Measured temperature histories in the mineral wool insulating layer of the LSF 
system when the internal lining is exposed at a distance D3 from the radiant heater. 
 
As observed from Figure 5.2 to Figure 5.7, steady-state thermal conditions within the LSF system 
were achieved in approximately 3 hours independently of the surface exposed. Nevertheless, to ensure 
steady-state conditions, testing time was set to 5 hours after heating of the sample commenced. Error 
bars indicate the standard error from the mean temperatures measured where the maximum value 
observed for all tests was 57.6°C.  
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Once thermal steady heat flow conditions are achieved, the cross-section temperature gradient 
distribution can be represented. Both Figure 5.8 and Figure 5.9 represent measurement obtained by 
the bench scale test when the LSF system wall is exposed to different heat loads at both the external 
cladding and the internal lining.  
 
 
Figure 5.8. The temperature distribution of the LSF system wall exposed to different heat 
loads at the external cladding. Grey vertical lines represent layer system interfaces. 
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Figure 5.9. The temperature distribution of the LSF system wall exposed to different heat 
loads at the internal lining. Grey vertical lines represent layer system interfaces. 
 
 
5.1.2 FEM fitting parameters: comparison of measured and calculated temperature 
distributions 
As mentioned, the apparent material properties and the characteristic heat losses of the system can be 
directly extracted from the SSTT outcome by the inverse process. The characteristic heat losses can 
be obtained from a single test and extrapolated to the others. For obtaining apparent properties of the 
LSF system when the external cladding is exposed, a distance D1 was selected, and distances D2 and 
D3 were used for validation. For the internal lining surface exposed case, distance D3 was used to 
extract apparent properties and distances D1 and D2 for validation.  
 
As a starting point, initial FEM material properties input data has been measured by a Hot Disk 
Thermal Constant Analyser for all the LSF system material components except the steel frame and 
the reflective foil, which have been obtained by the inverse process itself (Figure 5.10).  
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Figure 5.10. Measurement of material properties of Mineral Wool, plasterboard and timber 
Battens by a Hot Disk Thermal Constant Analyser. 
 
A mean deviation between calculated and measured temperature distributions lower than 10% is 
assumed to be good enough, so it sets the end-point of the inverse process. Air cavity equivalent 
thermal conductivities calculated and used by the model are included in Table 5.1, where it can be 
seen how this value changes depending on the system surface sample. The reason for this could be 
the fact that different LSF systems were tested for each surface and they could include different 
assembly faults that generate different internal radiative and convective heat transfer processes. Both 
the air density and the specific heat properties where included in the model as those usually found at 
ambient conditions (i.e. ρ=1kg/m3; c=1005J/kgK).  
 
Table 5.2 includes FEM fitting thermal properties of the LSF system for both the external cladding 
and internal lining surfaces exposed cases. 
 
Table 5.1. Mean equivalent thermal conductivities values (W/mK) of the air cavity obtained 
from the SSTT series and the final mean value included in FEM. (*) First SSTT for extracting 
apparent properties. 
Mean equivalent air cavity thermal 
conductivities  
SSTT at 
425mm (D1) 
SSTT at 
680mm (D2) 
SSTT at 
825mm (D3) 
FEM 
input 
Internal lining exposed plasterboard 0.087 0.096 *0.068 0.083 
External cladding exposed plywood *0.016 0.018 0.018 0.017 
 
 
 Case studies                                                                                                                                      101 
 
Table 5.2. LSF system FEM fitting material properties of input values. 
LSF Material k (W/mK) ρ(kg/m3) c(J/kgK) 
Plywood - external cladding 0.183 492 1375 
Timber batten 0.173 613 903 
Reflective foil 2.000 400 500 
Steel frame 30.000 7833 465 
Mineral wool 0.033 15 1248 
Plasterboard - internal lining 0.234 658 1092 
 
Matching mean convective heat transfer losses for system surfaces have been obtained for the SSTT 
for both system exposure cases when steady thermal conditions are achieved (Table 5.3), where its 
dependency on the system surface temperature can be seen in Eq. (57). A mean radiant heat loss 
coefficient value over the system surface is calculated from modelled surface temperatures by Eq. 
(58). The mean total heat losses can be calculated with Eq. (59). By comparing both hr and hc 
equations, it can be seen that although both coefficients depend on surface temperature, the radiation 
dependence is higher (i.e. exponent 4 against 1/3). For this reason, the mean total heat losses variation 
at the exposed surface when varying the system heat load is mainly affected by heat radiation losses. 
Constant convection losses can be assumed under the particular testing environment. Table 5.4 
includes ht mean values calculated from the three SSTTs. In Figure 5.11 and Figure 5.12 a linear 
correlation is established between the total heat losses and the heat flux of the tests.  
 
 
ℎ𝑐 = 0.13𝑘
2
3⁄ (
𝜇𝐶𝑝𝑔𝛽
η2
)
1
3⁄
(𝑇𝑠 − 𝑇𝑎)
1
3⁄  
(57) 
 
 
ℎ𝑟 = 𝜎𝜀
(𝑇𝑠
4 − 𝑇𝑎
4)
(𝑇𝑠 − 𝑇𝑎)
 
(58) 
 
 ℎ𝑡 = ℎ𝑐 + ℎ𝑟 (59) 
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Table 5.3. FEM convection heat transfer loss coefficients (W/m2K) for each SSTT case. (*) First 
SSTT for extracting heat losses. 
  
SSTT at 
425mm 
(D1) 
SSTT at 
680mm 
(D2) 
SSTT at 
825mm 
(D3) 
LSF system exposing the 
external cladding  
Exposed surface *14.0 14.0 14.0 
Not exposed surfaces *25.0 25.0 25.0 
LSF system exposing the 
internal lining 
Exposed surface 19.0 18.0 *18.0 
Not exposed surfaces 45.0 45.0 *45.0 
 
Table 5.4. Total heat transfer loss coefficients (W/m2K). (*) First SSTT for extracting heat 
losses. 
  
SSTT at 
425mm 
(L1) 
SSTT at 
680mm 
(L2) 
SSTT at 
825mm 
(L3) 
LSF system exposing the 
external cladding  
Exposed surface *23.0 20.6 19.9 
Not exposed surfaces *29.4 29.4 29.3 
LSF system exposing the 
internal lining 
Exposed surface 27.6 24.6 *24.0 
Not exposed surfaces 49.8 49.4 *49.6 
 
 
Figure 5.11. Total heat loss coefficients correlation for LSF system when the external cladding 
is exposed. 
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Figure 5.12. Total heat loss coefficients correlation for LSF system when the internal lining is 
exposed. 
 
Figure 5.13 to Figure 5.18 show the corresponding fitting FEM and measured temperature histories 
during the heating process within the Mineral Wool layer, for both the external cladding and internal 
lining surfaces exposed cases. Similarly, Figure 5.19 to Figure 5.24 show the corresponding fitting 
FEM and measured temperature gradient distributions in the steady state, for both the external 
cladding and internal lining surfaces exposed cases. In all figures, grey vertical lines represent layer 
system interfaces. 
 
 
Figure 5.13. Measured and calculated temperature histories in the mineral wool insulating 
layer of the LSF system when the External cladding is exposed at a distance D1 from the 
radiant heater. 
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Figure 5.14. Measured and calculated temperature histories in the mineral wool insulating 
layer of the LSF system when the External cladding is exposed at a distance D2 from the 
radiant heater. 
 
 
Figure 5.15. Measured and calculated temperature histories in the mineral wool insulating 
layer of the LSF system when the External cladding is exposed at a distance D3 from the 
radiant heater. 
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Figure 5.16. Measured and calculated temperature histories in the mineral wool insulating 
layer of the LSF system when the internal lining is exposed at a distance D1 from the radiant 
heater. 
 
 
Figure 5.17. Measured and calculated temperature histories in the mineral wool insulating 
layer of the LSF system when the internal lining is exposed at a distance D2 from the radiant 
heater. 
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Figure 5.18. Measured and calculated temperature histories in the mineral wool insulating 
layer of the LSF system when the internal lining is exposed at a distance D3 from the radiant 
heater. 
 
 
Figure 5.19. LSF Measured vs calculated steady temperature distributions - External 
Cladding exposed. Distance from the heater = 425mm (D1). 
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Figure 5.20. LSF Measured vs calculated steady temperature distributions - External 
Cladding exposed. Distance from the heater = 680mm (D2). 
 
 
Figure 5.21. LSF Measured vs calculated steady temperature distributions - External 
Cladding exposed. Distance from the heater = 825mm (D3). 
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Figure 5.22. LSF Measured vs calculated steady temperature distributions - Internal lining 
exposed. Distance from the heater = 425mm (D1). 
 
 
Figure 5.23. LSF Measured vs calculated steady temperature distributions - Internal lining 
exposed. Distance from the heater = 680mm (D2). 
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Figure 5.24. LSF Measured vs calculated steady temperature distributions - Internal lining 
exposed. Distance from the heater = 825mm (D3). 
 
 
5.1.3 LSF system overall R-value calculation – FEM Thermal Bridge influence quantification 
The detail of a cross-section of the LSF FEM geometry together with the heat load and boundary 
conditions used for the overall R-value calculation can be seen in Figure 5.25 and Figure 5.28 when 
the external cladding and the internal lining are exposed respectively. Figure 5.26 and Figure 5.29 
show the temperature distribution once steady thermal conditions are reached when the external 
cladding and internal lining are exposed respectively. Then, FEM nodal data when the external 
cladding (Figure 5.27) and the internal lining (Figure 5.30) from both exposed and unexposed 
surfaces are collected to calculate the overall R-value according to the method described in 4.2.2.  
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Figure 5.25. Cross-section view of the LSF system geometry when the external cladding is 
exposed. 
 
 
Figure 5.26. Cross-section view of the LSF system when the external cladding is exposed: 
temperature distribution when steady heat flow conditions are reached. 
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Figure 5.27. LSF system temperatures and heat flux FEM data at both exposed and 
unexposed surfaces when the external cladding is exposed. 
 
 
 
Figure 5.28. Cross-section view of the LSF system geometry when the internal lining is 
exposed. 
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Figure 5.29. Cross-section view of the LSF system when the internal cladding is exposed: 
temperature distribution when steady heat flow conditions are reached. 
 
 
Figure 5.30. LSF system temperatures and heat flux FEM data at both exposed and 
unexposed surfaces when the internal lining is exposed. 
 
To be able to quantify the overall resistance in both directions of heat influence on the system, the 
proposed methodology described in point 4.2.2 is followed to obtain surface-to-surface Rc;op values 
(Table 5.5). 
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 In order to obtain the Rc;op values of the equivalent homogeneous system, it has to be changed the 
steel stud and timber batten thermal properties into the mineral wool and air cavity thermal properties 
respectively. Calculations are made for the three SSTT heat flux cases obtaining the same 
characteristic Rc;op values as expected. By comparing numerical calculation for both real life and 
equivalent homogeneous cases, the effect of the thermal bridge is quantified (Table 5.5). In both 
cases, the detrimental effect of the thermal bridge is approximately 70 %.  
 
Finally, to calculate air-to-air resistance values, both internal and external surface resistance values 
have to be defined. From the SSTT the internal surface resistance values are defined as the inverse of 
the heat losses at the unexposed surface of the system (Eq. (56) and Table 5.4). The external surface 
resistance value is obtained from the heat losses at the exposed surface. Table 6 shows these values 
together with the pursued R-values of the LSF system for both exposure cases. 
 
Table 5.5. Surface-to-surface resistance values (m2K/W) numerically and analytically 
calculated. 
 
LSF system - 
External Cladding 
exposed 
LSF system - 
Internal Lining 
Exposed 
LSF equivalent Homogeneous system – Analytical Rc;op 4.0 3.1 
LSF equivalent Homogeneous system - Numerical Rc;op 4.0 3.1 
LSF Real life Numerical Rc;op validated with SST  1.2 1.0 
Detrimental effect of thermal bridge  71 % 67 % 
 
Table 5.6. Air-to-air resistance values (m2K/W). 
 
 
 
 
 
 
 
5.1.4 LFS system overall u-value and y-value 
According to the calculation method described in point 4.2.3, once a realistic numerical model of the 
LSF system is being achieved, the calculation of the magnitudes of both the u-value and y-value at 
  SSTT Mean value 
FEM Rsi 0.03 
FEM Rse 0.04 
LSF External Cladding R-value (test conditions) 1.2 
LSF Internal Lining R-value (test conditions) 1.1 
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different points of the system can be made to ultimately obtain average values for the system along 
with an analysis of the effect of thermal bridges. In this case, Figure 5.31 represents the temperature 
distribution within the system at a particular instant during the process when the sinusoidal heat load 
is decreasing. 
 
 
Figure 5.31. LSF system cross-section view: Instantaneous temperature distribution when the 
system is cooling down. 
 
For the LSF panel, the matrix data was developed according to Figure 4.13, and it included 713 points 
in total where both u-value and y-value was quantified. As mentioned, the validation of the average 
values calculated using matrix data is made by comparing the overall U-value obtained numerically 
under cyclic transient and steady thermal conditions. In this case, the deviation obtained was 5% 
when the external cladding is exposed and 2% when the internal lining is exposed, so the density of 
the matrix data was assumed accurate enough.  
 
Hence, the matrix distribution of both u-values and y-values of the LSF system is ultimately obtained 
and represented in Figure 5.32 and Figure 5.33 respectively when the external cladding is exposed 
and Figure 5.34 and Figure 5.35 when the internal lining is exposed. As it can be seen in all cases, 
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both u-values and y-values have higher values in those areas closer to the internal structural elements 
acting as thermal bridges.  
 
 
Figure 5.32. Calculated u-value magnitudes (W/m2K) at points distributed in matrix form for 
the left-bottom area of the LSF system when the external cladding is exposed. 
 
Figure 5.33. Calculated y-value magnitudes (W/m2K) at points distributed in matrix form for 
the left-bottom area of the LSF system when the external cladding is exposed. 
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Figure 5.34. Calculated u-value magnitudes (W/m2K) at points distributed in matrix form for 
the left-bottom area of the LSF system when the internal lining is exposed. 
 
Figure 5.35. Calculated y-value magnitudes (W/m2K) at points distributed in matrix form for 
the left-bottom area of the LSF system when the internal lining is exposed. 
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Table 5.7 and Table 5.8 compares calculated overall u-value and y-value respectively of the system 
with ideal analytical values calculated for the equivalent homogeneous multilayered system so that 
the influence of structural elements on these parameters is quantified. 
 
Table 5.7. LSF u-values magnitudes (W/m2K) numerically and analytically calculated.  
 
LSF system - 
External Cladding 
exposed 
LSF system - 
Internal Lining 
Exposed 
LSF equivalent Homogeneous system – Analytical u-value 0.3 0.3 
LSF equivalent Homogeneous system - Numerical u-value 0.3 0.3 
LSF Real Life Numerical u-value validated with SSTT 0.7 0.9 
Detrimental effect of thermal bridge  181% 171% 
 
 
 
Table 5.8. LSF y-values magnitudes (W/m2K) numerically and analytically calculated. 
 
LSF system - 
External Cladding 
exposed 
LSF system - 
Internal Lining 
Exposed 
LSF equivalent Homogeneous system – Analytical y-value 0.7 0.7 
LSF equivalent Homogeneous system - Numerical y-value 0.7 0.7 
LSF Real Life Numerical y-value validated with SSTT 1.1 1.2 
Effect of thermal bridge  68% 67% 
 
 
5.1.5 LSF system integrated assessment: Estimation of time delay to ignition 
Once the energy efficiency parameters are calculated the value of the apparent thermal inertia at the 
exposed surface of the system can be obtained and represented in the same matrix distribution. As 
expected, the minimum apparent thermal inertia obtained is found at those points less influenced by 
the effect of structural elements resulting in 7,358 W2s/m4K2. As long as these points are closer to 
structural elements, the apparent thermal inertia increases to a maximum of 80,598 W2s/m4K2 
achieved in those points located near the structural element and closer to the adiabatic numerical 
boundary condition.  
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Figure 5.36. Calculated thermal inertia (W2s/m4K2) at points distributed in matrix form for 
the left-bottom area of the LSF system. 
 
This study analyses the spontaneous onset of ignition case which is affected by the complexity of the 
whole building system, so this study calculates the time ignition delay using the overall apparent 
thermal inertia. For the LSF system according to Figure 5.36 data this value results 18,355 W2s/m4K2. 
Table 5.9 includes estimated overall time delay to ignition values assuming a critical temperature for 
ignition Tig of 600°C for the exposed plywood panel [95] and different incident heat fluxes ?̇?𝑒
"  .  
 
Table 5.9. Time delay ignition estimated for different incident heat flux values (LSF). 
?̇?𝑒
"  (kW/m2) tig (seconds) 
35 4 
30 5 
25 8 
20 12 
 
 
5.2  The lbSIP wall system 
The lbSIP wall system characteristics are described in point 1.4.3. This building assembly is 
symmetric, so the insulating properties will be the same no matter the side where the heat flux is 
applied. 
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5.2.1 Small-scale experiment set-up and data measured - lbSIP 
The SSTT set-up follows the procedure described for the previous LSF system. Due to the low 
softening temperature point of similar EPS products [11, 96, 97] the radiant heater is placed at higher 
distances than in the LSF sample case to avoid material degradation. Thus, the measured temperatures 
histories were collected and plotted when the system is placed at the defined distances D3, D4 and 
D5 from the electric radiant heater.  
 
In-depth temperature histories within the EPS insulating core material during the heating period of 
the SSTT series are shown in Figure 5.37, Figure 5.38 and Figure 5.39. Again, to quantify data 
accuracy a series of three tests were performed for each distance and error bars are included to indicate 
the standard error from mean temperatures measured where the maximum value observed for all tests 
was 8.4°C. In this case, steady-state thermal conditions were observed through the MgO spline 
structural element is not less than 24 hours. 
 
 
 
Figure 5.37. Measured temperature histories in the EPS insulating core of the lbSIP system at 
a distance D3 from the radiant heater. 
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Figure 5.38. Measured temperature histories in the EPS insulating core of the lbSIP system at 
a distance D4 from the radiant heater. 
 
 
Figure 5.39. Measured temperature histories in the EPS insulating core of the lbSIP system at 
a distance D5 from the radiant heater. 
 
Figure 5.40, Figure 5.41 and Figure 5.42 show the temperature distribution obtained once steady 
conditions were observed for each separation distance from the heater. Error bars indicate the standard 
error from mean temperatures measured where the maximum value observed for all tests was 4.4 °C. 
The grey coloured vertical lines represent layer system interfaces. 
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Figure 5.40. lbSIP Measured steady temperature distributions. Distance from the heater = 
825mm (D3). 
 
 
Figure 5.41. lbSIP Measured steady temperature distributions. Distance from the heater = 
925mm (D4). 
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Figure 5.42. lbSIP Measured steady temperature distributions. Distance from the heater = 
1025mm (D5). 
 
 
5.2.2 FEM fitting parameters: comparison of measured and calculated temperature 
distributions. 
Due to the nature of the laboratory where the SSTT series was performed, system surrounding 
conditions changed compared to those SSTT performed for the LSF systems along with mean 
convection heat transfer losses hc (Table 5.10). Table 5.11 includes ht mean values calculated from 
the three SSTT. A linear correlation can be established to predict the system total heat losses under 
any testing heat load conditions (Figure 5.43).  
 
Table 5.10. FEM convection heat transfer loss coefficients (W/m2K) for each SSTT case. (*)First 
SSTT for extracting heat losses. 
  
SSTT at 825mm 
(D3) 
SSTT at 925mm 
(D4) 
SSTT at 1025mm 
(D5) 
lbSIP 
system  
Exposed surface 16.0 16.0 *16.0 
Not exposed surfaces 29.0 29.0 *29.0 
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Table 5.11. FEM Total heat transfer loss coefficients (W/m2K) where implicit hr values are 
calculated considering the FEM temperatures modelled at both exposed and not exposed system 
surfaces. (*) First SSTT for extracting heat losses. 
  
SSTT at 825mm 
(D3) 
SSTT at 925mm 
(D4) 
SSTT at 1025mm 
(D5) 
lbSIP 
system  
Exposed surface 35.6 35.2 *35 
Not exposed surfaces 21 20.9 *20.9 
 
 
Figure 5.43. lbSIP system – Total heat loss coefficient correlation. 
 
Like in the LSF testing case, thermal properties of the lbSIP system elements were measured with the 
Hot Disk Thermal Constant Analyser (Figure 5.44). In contrast with the previous case, the simplicity 
of the lbSIP panel geometry and its precise manufacturing process resulted in low levels of 
construction imperfections, allowing a good match with the FEM geometry. Thus, measured and first 
calculated temperature histories within the EPS core insulating material (Figure 5.45, Figure 5.46 and 
Figure 5.47) and steady thermal distributions within the system (Figure 5.48, Figure 5.49 and Figure 
5.50) fitted accurately, resulting in a mean deviation lower than 5%. So, the material properties 
measured initially are deemed to be the apparent properties for this case (Table 5.12). 
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Figure 5.44. Measurement of material properties of EPS and MgO by a Hot Disk Thermal 
Constant Analyser. 
 
Table 5.12.  lbSIP system FEM fitting material properties input values. 
lbSIP Material k (W/mK) ρ(kg/m3) c(J/kgK) 
MgO 0.357 830 1550 
EPS 0.026 16 1756 
 
 
Figure 5.45. Measured and calculated temperature histories in the EPS insulating core of the 
lbSIP system at a distance D3 from the radiant heater. 
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Figure 5.46. Measured and calculated temperature histories in the EPS insulating core of the 
lbSIP system at a distance D4 from the radiant heater. 
 
Figure 5.47. Measured and calculated temperature histories in the EPS insulating core of the 
lbSIP system at a distance D5 from the radiant heater. 
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Figure 5.48. lbSIP Measured vs calculated steady temperature distributions. Distance from 
the heater = 825mm (D3). 
 
Figure 5.49. lbSIP Measured vs calculated steady temperature distributions. Distance from 
the heater = 925mm (D4). 
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Figure 5.50. lbSIP Measured vs calculated steady temperature distributions. Distance from 
the heater = 1025mm (D5). 
 
5.2.3 LbSIP system overall R-value calculation – FEM Thermal Bridge influence 
quantification 
The detail of a cross-section of the lbSIP FEM geometry and both heat load and boundary conditions 
can be seen in Figure 5.51 and Figure 5.52 can be seen the representation of the temperature 
distribution once steady thermal conditions are reached. Then, FEM nodal data at both exposed and 
unexposed surfaces (Figure 5.53) is collected to calculate the overall R-value according to the method 
described in point 4.2.2. 
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Figure 5.51. Cross-section view of the lbSIP system geometry together with heat load and 
boundary conditions.
 
Figure 5.52. Cross-section view of the lbSIP system temperature distribution when steady 
heat flow conditions are reached. 
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Figure 5.53. lbSIP system temperatures and heat flux data at both exposed and unexposed 
surfaces. 
 
In order to quantify the overall resistance, the proposed methodology described in point 4.2.2 is 
followed to obtain surface-to-surface Rc;op values. In order to obtain the Rc;op values of the equivalent 
homogeneous system, it has to be changed the MgO spline thermal properties into the EPS thermal 
properties respectively. Calculations are made for the three SSTT heat flux cases obtaining the same 
characteristic Rc;op values as expected. Table 5.13 shows the surface-to-surface Rc;op calculated values 
for the lbSIP system for both the equivalent homogeneous system and the real system, together with 
the quantification of the effect of the thermal bridge. The detrimental factor between real and 
equivalent homogeneous systems is 79 %. Similarly to the LSF system case, the air-to-air R-value is 
calculated accordingly, resulting in an overall R-value of 1.2 m2K/W. 
 
Finally, to calculate air-to-air resistance values, both internal and external surface resistance values 
have to be defined. From the SSTT the internal surface resistance values are defined as the inverse of 
the heat losses at the unexposed surface of the system (Eq. (56) and Table 5.11). The external surface 
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resistance value is obtained from the heat losses at the exposed surface. Table 5.13 shows these values 
together with the pursued R-values included in Table 5.14. 
 
Table 5.13. lbSIP system surface-to-surface resistance values (m2K/W) numerically and 
analytically calculated. 
 
Table 5.14. lbSIP system air-to-air resistance values (m2K/W). 
 
 
 
 
 
 
5.2.4 lbSIP overall u-value and y-value 
According to the calculation method described in point 4.2.3, once a realistic numerical model of the 
lbSIP system is achieved the calculation of the magnitudes of both the u-value and y-value at different 
points of the system can be made to ultimately obtain average values for the system along with an 
analysis of the effect of thermal bridges. In this case, Figure 5.54 represents the temperature 
distribution within the system at a particular instant during the cyclic thermal process when the system 
is cooling down. 
 
 
lbSIP system 
lbSIP equivalent Homogeneous system – Analytical Rc;op 5.6 
lbSIP equivalent Homogeneous system - Numerical Rc;op 5.6 
lbSIP Real life Numerical Rc;op validated with SSTT 1.2 
Detrimental effect of the thermal bridge  79 % 
  SSTT Mean value 
FEM Rsi 0.03 
FEM Rse 0.04 
lbSIP system R-value (test conditions) 1.2 
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Figure 5.54. lbSIP system cross-section view: Instantaneous temperature distribution when 
the system is cooling down. 
  
For the lbSIP panel, the matrix data was developed according to Figure 4.13, and it included 1,271 
points in total where both u-value and y-value was quantified. As mentioned, the validation of the 
average values calculated using matrix data is made by comparing the overall U-value obtained 
numerically under cyclic transient and steady thermal conditions. In this case, the deviation obtained 
was lower than 5%, so the density of the matrix data was assumed accurate enough.  
 
Hence, the matrix distribution of both u-values and y-values of the lbSIP system is ultimately obtained 
and represented in Figure 5.55 and Figure 5.56 respectively. As it can be seen in all cases, both u-
values and y-values have higher values in those areas closer to the internal structural elements acting 
as thermal bridges.  
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Figure 5.55. Calculated u-value (W/m2K) at points distributed in matrix form for the left-
bottom area of the lbSIP system. 
 
Figure 5.56. Calculated y-value (W/m2K) at points distributed in matrix form for the left-
bottom area of the lbSIP system. 
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Table 5.15 and Table 5.16 compare calculated overall u-value and y-value respectively of the system 
with ideal analytical values calculated for the equivalent homogeneous multilayered system so that 
the influence of structural elements on these parameters is quantified. 
 
Table 5.15. lbSIP u-values magnitudes (W/m2K) numerically and analytically calculated.  
 
lbSIP system 
lbSIP equivalent Homogeneous system – Analytical u-value 0.2 
lbSIP equivalent Homogeneous system - Numerical u-value 0.2 
lbSIP Real Life Numerical u-value validated with SSTT 0.6 
Detrimental effect of the thermal bridge  276% 
 
Table 5.16. lbSIP y-values magnitudes (W/m2K) numerically and analytically calculated. 
 
lbSIP system 
lbSIP equivalent Homogeneous system – Analytical y-value 1.2 
lbSIP equivalent Homogeneous system - Numerical y-value 1.2 
lbSIP Real Life Numerical y-value validated with SSTT 2.7 
Effect of thermal bridge  115% 
 
 
5.3  The lbSIP+Ply wall system 
The lbSIP+Ply wall system characteristics are described in point 1.4.3. Since this system is composed 
of the lbSIP system studied in point 5.2 including a panel of the same plywood as the external cladding 
of the LSF system studied in point 5.1 , the numerical fitting parameters considered to characterise 
the insulating properties of this system are assumed to be those described in Table 5.12. 
 
 
5.3.1 LbSIP+Ply system overall R-value calculation – FEM Thermal Bridge influence 
quantification 
The detail of a cross-section of the lbSIP+Ply FEM geometry and both heat load and boundary 
conditions can be seen in Figure 5.57 and Figure 5.58 can be seen the representation of the 
temperature distribution once steady thermal conditions are reached. Then, FEM nodal data at both 
exposed and unexposed surfaces (Figure 5.59) is collected to calculate the overall R-value according 
to the method described in 4.2.2. 
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Figure 5.57. Cross-section view of the lbSIP+Ply system geometry together with heat load and 
boundary conditions. 
 
 
Figure 5.58. Cross-section view of the lbSIP+Ply system temperature distribution when steady 
heat flow conditions are reached. 
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Figure 5.59. lbSIP+Ply system temperatures and heat flux data at both exposed and 
unexposed surfaces. 
 
In order to quantify the overall resistance, the proposed methodology described in point 4.2.2 is 
followed to obtain surface-to-surface Rc;op values. In order to obtain the Rc;op values of the equivalent 
homogeneous system, it has to be changed the MgO spline thermal properties into the EPS thermal 
properties respectively. Calculations are made for the three SSTT heat flux cases obtaining the same 
characteristic Rc;op values as expected. Table 5.17 and Table 5.18 shows the surface-to-surface Rc;op 
and the air-to-air R-value calculated values respectively for the lbSIP+Ply system for both the 
equivalent homogeneous system and the real system, together with the quantification of the effect of 
the thermal bridge.  
 
Table 5.17. lbSIP+Ply system surface-to-surface resistance values (m2K/W) numerically and 
analytically calculated. 
 
lbSIP+Ply system  
lbSIP+Ply equivalent Homogeneous system – Analytical Rc;op 5.8 
lbSIP+Ply equivalent Homogeneous system - Numerical Rc;op 5.8 
lbSIP+Ply Real life Numerical Rc;op validated with SSTT 1.3 
Detrimental effect of the thermal bridge  77.5% 
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Table 5.18. lbSIP+Ply system air-to-air resistance values (m2K/W). 
 
 
 
 
 
 
5.3.2 lbSIP+Ply overall u-value and y-value 
According to the calculation method described in point 4.2.3, once a realistic numerical model of the 
lbSIP+Ply system is achieved the calculation of the magnitudes of both the u-value and y-value at 
different points of the system can be made to ultimately obtain average values for the system along 
with an analysis of the effect of thermal bridges. Figure 5.60 represents the temperature distribution 
within the system at a particular instant during the cyclic thermal process when the system is about 
to begin the heating period. 
 
 
Figure 5.60. lbSIP+Ply system cross-section view: Instantaneous temperature distribution 
when the system is cooling down and about to heat up again. 
  SSTT Mean value 
FEM Rsi 0.03 
FEM Rse 0.05 
lbSIP+Ply system R-value (test conditions) 1.3 
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 For the lbSIP+Ply panel, the matrix data was developed according to Figure 4.13, and it included 
1,271 points in total where both u-value and y-value was quantified. As mentioned, the validation of 
the average values calculated using matrix data is made by comparing the overall U-value obtained 
numerically under cyclic transient and steady thermal conditions. In this case, the deviation obtained 
was lower than 5%, so the density of the matrix data was assumed accurate enough.  
 
Hence, the matrix distribution of both u-values and y-values of the lbSIP+Ply system is ultimately 
obtained and represented in Figure 5.61 and Figure 5.62 respectively. As it can be seen in all cases, 
both u-values and y-values have higher values in those areas closer to the internal structural elements 
acting as thermal bridges.  
 
 
Figure 5.61. Calculated u-value (W/m2K) at points distributed in matrix form for the left-
bottom area of the lbSIP+Ply system. 
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Figure 5.62. Calculated y-value (W/m2K) at points distributed in matrix form for the left-
bottom area of the lbSIP+Ply system. 
 
Table 5.19 and Table 5.20 compare calculated overall u-value and y-value respectively of the system 
with ideal analytical values calculated for the equivalent homogeneous multilayered system so that 
the influence of structural elements on these parameters is quantified. 
 
Table 5.19. lbSIP+Ply u-values magnitudes (W/m2K) numerically and analytically calculated.  
 
LbSIP+Ply 
system 
lbSIP+Ply equivalent Homogeneous system – Analytical u-value 0.2 
lbSIP+Ply equivalent Homogeneous system - Numerical u-value 0.2 
lbSIP+Ply Real life Numerical u-value validated with SSTT 0.6 
Detrimental effect of the thermal bridge  276% 
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Table 5.20. lbSIP+Ply y-values magnitudes  (W/m2K)  numerically and analytically calculated. 
 
lbSIP+Ply 
system 
lbSIP+Ply equivalent Homogeneous system – Analytical y-value 1.2 
lbSIP+Ply equivalent Homogeneous system - Numerical y-value 1.2 
lbSIP+Ply Real Life Numerical y-value validated with SSTT 2.7 
Effect of thermal bridge  115% 
 
 
5.3.3 LbSIP+Ply system integrated assessment: Estimation of the time delay to ignition. 
Once the energy efficiency parameters are calculated the value of the apparent thermal inertia at the 
exposed surface of the system can be obtained and represented in the same matrix distribution (Figure 
5.63). As expected, the minimum apparent thermal inertia obtained is 47,875 W2s/m4K2 achieved in 
those points less influenced by the effect of structural elements. As long as these points are closer to 
structural elements, the apparent thermal inertia increases to a maximum of 295,836 W2s/m4K2 
achieved in those points located on the structural element and closer to the adiabatic numerical 
boundary condition.  
 
 
Figure 5.63. Calculated thermal inertia (W2s/m4K2) at points distributed in matrix form for 
the left-bottom area of the lbSIP system. 
  
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 5.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 5.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 5.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 5.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 5.E+04 5.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 6.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 7.E+04 8.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 9.E+04 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
3.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
3.E+05 3.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
3.E+05 3.E+05 3.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 2.E+05 3.E+05 3.E+05 3.E+05
 Case studies                                                                                                                                      140 
 
This study analyses the spontaneous onset of ignition case which is affected by the complexity of the 
whole building system, so this study calculates the ignition delay time using the overall apparent 
thermal inertia. For the lbSIP+Ply system according to Figure 5.63 data, this value results in 124,801 
W2s/m4K2. Table 5.21 includes estimated overall time delay to ignition values assuming a critical 
temperature for ignition Tig of 600°C for the exposed plywood panel [95] and different incident heat 
fluxes ?̇?𝑒
"  .  
 
Table 5.21. Time delay ignition estimated for different incident heat flux values (lbSIP+Ply). 
?̇?𝑒
"  (kW/m2) tig (seconds) 
35 27 
30 37 
25 53 
20 82 
 
 
5.4  Validation of the R-value calculation with standardised Hot Box 
In order to validate the overall R-value calculated with the methodology proposed, the standardized 
Hot Box apparatus results are employed. In his thesis [5], Amundarain built a Guarded Hot Box 
apparatus (Figure 2.18) according to point 2.3.4, to test a particular LSF building design assembly to 
quantify its air-to-air thermal transmittance U-value (i.e. the inverse of the R-value).  
 
Once Amundarain’s Guarded Hot Box apparatus was optimised and calibrated, an LSF system sample 
with a total area of 2.4 x 2.4 m2 was tested (Figure 5.64). It was composed of two layers of 
plasterboard in the unexposed side (12.5 mm each) fixed to a steel stud with a web of 140 mm, filled 
by mineral wool of 120 mm of thickness and a density of 70 kg/m3 with air cavities at both sides of 
10 mm thickness. On the other side of the steel stud, there was a second layer of mineral wool of 30 
mm thickness and a density of 180 kg/m3. The external surface was made of an aluminium 
honeycomb panel (20 mm of thickness) to which an adhesive and a render coat were applied.  
 
According to Hot Box measurements and Eq. (29) the mean experimental U-value obtained by 
Amundarain for his particular LSF system was 0.29 W/m2K. The net heat flow achieved by the Hot 
Box assembly delivers the measured mean surface temperatures at both sides of the system sample 
that represent the boundary conditions that can be implemented in a numerical model to define the 
net heat flowing through the modelled system. According to this, in his study Amundarain performed 
 Case studies                                                                                                                                      141 
 
two-dimensional finite difference model calculations to compare both measured and numerically 
calculated U-values. By using generic material properties from literature, a numerical U-value of 0.26 
W/m2K was obtained with a deviation lower than 0.04 W/m2K from the Hot Box measurements, 
which can be assumed as valid according to similar research studies with LSF assemblies [77]. 
 
In this study, the numerical boundary conditions considered are a heat flux load together with radiant 
and convective heat losses at the surfaces of the system, which define the net heat flowing through 
the system. Together with either generic material properties or those extracted from the SSTT, mean 
temperatures at both exposed and unexposed system surfaces can be obtained. Together, these allow 
for the calculation of the overall U-value of the system including the effect of thermal bridges.  
 
In order to compare both numerical boundary conditions approaches, a numerical calculation of 
Amundarian LSF system has been performed through the three-dimensional finite element model. To 
be able to simplify the geometry in the FE model, the red area marked in Figure 5.64 has been 
considered, in which dashed lines define cross-sectional boundaries where a condition of symmetry 
has been applied, and the continuous line is assigned an adiabatic condition. Figure 5.65 shows the 
cross-section of Amundarian’s multilayered LSF system developed for the model. The structural 
elements can be seen passing through the mineral wool insulating layer (yellow coloured lines). 
 
 
Figure 5.64 Amundarain’s System Geometry. 
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Figure 5.65. Cross-section of Amundarain’s LSF system Geometry. 
 
It is used as an equivalent thermal conductivity for the air cavities of 0.05 W/mK the mean value 
obtained from both LSF SSTT measurements performed in this study. The thermal conductivity 
coefficients considered in our model are included in Table 5.22. Three different sources were used in 
our model [5, 94, 98]. Heat loss values included in the model at both exposed and unexposed sides 
are those obtained from the LSF system tested when exposed to the external cladding, from which 
internal and external surface resistances are calculated. 
 
Table 5.22. Thermal conductivity coefficients. 
 
 
 
 
 
 
 
Furthermore, some simulations were performed with different heat flux loads to compare the effect 
of the heat flux on the U-Value results. Heat fluxes of 800 W/m2, 1200 W/m2 and 1500 W/m2 were 
chosen as they appeared to create similar net heat flow values to those considered on Amundarain’s 
Hot Box method. From Table 5.23 and Table 5.24 it can be observed that the mean U-value calculated 
by the proposed numerical model is very close to that obtained by the standardised Hot Box method. 
As expected, when including Amundarian’s material thermal properties in the FE model, the 
numerical U-value calculated result to be very close to that calculated by his FD model. On the other 
hand, it is seen that material properties from other sources from literature (Toolbox in this case) 
appear to fit better the Hot Box calculated U-value since deviations are even lower. An SSTT on 
Amundarian’s LSF system could validate numerical material properties data. 
 
Material k (W/Km) [5] k (W/Km) [94] k (W/Km) [98] 
Plasterboard 0.25 0.179 0.17 
Steel Stud 60 54 54 
Mineral wool LD 0.031 0.036 0.04 
Mineral wool HD 0.033 0.036 0.04 
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Table 5.23. U-value obtained by the experimental Hot Box method performed by Amundarain. 
Hot Box Net HF input (W/m2) 12.67 15.35 18.43 
Calibrated Hot Box U-value (W/m2K)  0.29 
 
Table 5.24. Comparison of U-value obtained by the experimental Hot Box method and the 
proposed FE model. 
Material properties Tonino [27] Amundarain [6] Toolbox [28] 
Heat Flux Model (W/m2) 800 1200 1500 800 1200 1500 800 1200 1500 
Mean net HF (W/m2) 11.0 16.1 19.8 11.0 15.8 19.4 11.6 17.0 20.9 
Equivalent Uc;op FEM (W/m
2K) 0.28 0.28 0.28 0.27 0.27 0.27 0.29 0.29 0.29 
Equivalent U-value FEM (W/m2K) 0.27 0.27 0.27 0.27 0.27 0.27 0.29 0.29 0.29 
DIF HOT BOX and FEM U-value 
(W/m2K) 0.02 0.02 0.02 0.03 0.03 0.03 0.01 0.01 0.01 
 
 
 
5.5  Discussion and concluding remarks 
This study proposes a novel thermal assessment procedure to evaluate building component insulating 
capabilities. This is, the steady-state thermal resistance R-value parameter which is appropriate to 
characterise insulating properties when daily temperature variations remain low compared to large 
seasonal temperature variations, and for any other weather condition the cyclic transient-state 
parameters the cyclic transmittance u-value and the surface admittance y-value. 
 
The assessment method proposed is achieved using numerical models complemented by experimental 
data from a simple thermal testing set-up that allows for temporal and spatial resolution. This is a 
small scale thermal testing (SSTT) approach that provides by the inverse method sufficient 
information for data assimilation processes that can be used to populate the numerical model. The 
resulting thermal properties define internal heat conduction characteristics that account for material 
imperfections or contact resistances.  
 
A particular Light Steel Frame assembly design and a load-bearing Structural Insulated System with 
a variant including a layer of plywood similar to that of the external cladding of the LSF system have 
been thermally assessed to illustrate the proposed method. The detrimental effect of thermal bridges 
is quantified in both cases, and the effect of building construction quality on the overall insulating 
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capabilities is discussed. Through this process, the contribution of each layer component, in 
particular, air cavities, can be assessed. 
 
The overall R-value calculated with the proposed method is validated by assessing a third building 
assembly whose overall R-value was obtained by the standardized Hot Box apparatus. The mean U-
value calculated by the model using generic material properties from literature is very close to that 
obtained by the standardised Hot Box method, reaching a difference of up to 0.01 W/m2K.  
 
Also, the overall u-value and exposed surface y-value are quantified including the effects of structural 
elements together with construction imperfections. The validation of the overall u-value was made 
by deeming no mass in the numerical calculation so that the parameter obtained results the overall U-
value, whose inverse is the overall R-value. Then this parameter must satisfy the overall R-value 
obtained by the steady state approach calculation. In any case, studied the deviation was lower than 
5% with reasonable calculation timings. More accuracy can be obtained by more extended 
calculations increasing numerical mesh density and narrowing time step. 
 
Once overall characteristics parameters are obtained, a more realistic building thermal performance 
prediction including the effect of structural elements and construction imperfections can be made, for 
instance by following the Admittance method to estimate indoor temperature conditions. 
 
It is demonstrated that a numerical analysis, complemented by a simple and affordable thermal 
experimental approach, allows for reliable quantification of the overall insulating characteristic 
parameters of real-life building system samples as it does the standardised experimental tests. Further, 
a realistic evaluation of the contribution of each component on the overall characteristic insulating 
properties is obtained, allowing for an enhanced and optimised thermal assessment. 
 
An estimation of building component fire performance is achieved by calculating critical 
flammability properties. In particular, it is estimated a number of ignition delay time values according 
to different fires for the LSF and the lbSIP+Ply building component sampled systems used in this 
study. This is done by extracting apparent thermal inertia values from the thermal performance 
insulating properties under the transient cyclic state.  
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6  Verification of the integrated assessment method 
6.1  Introduction 
The integrated assessment method developed in this thesis consists of estimating material 
flammability properties of building assemblies using connecting parameters extracted from 
characteristic insulating properties derived from a transient state thermal model. In particular, a 
number of ignition delay times have been estimated for both the LSF system and the lbSIP+Ply case 
studies (points 5.1.5 and 5.3.3). These values were calculated assuming a critical temperature to 
ignition Tig of 600°C obtained from the literature for the exposed plywood panel [95] at a different 
incident heat flux ?̇?𝑒
" . Nevertheless, estimated values are assumed to be conservative because fire is a 
much rapid event than the cyclic thermal model from where insulating properties are defined.  
 
This section presents an experimental method that allows the evaluation of how conservative the 
integrated approach is by comparing calculated and measured data testing some LSF and lbSIP+Ply 
systems built for this purpose.  
 
 
6.2  Materials and Methods 
The experimental methodology described in this section can be applied to any building envelope 
component. This study tested four LSF systems and four lbSIP+Ply systems whose geometry and 
construction details can be found in points 1.4.2 and 1.4.3 respectively. 
 
The experimental method to validate estimations from the integrated assessment approach developed 
in this thesis consist of an experimental set-up using radiant panels defined in a way such that the 
time taken for the exposed plywood to ignite could be measured and also both the critical temperature 
for ignition Tig and the incident heat flux ?̇?𝑒
"  at the exposed surface of both the LSF and lbSIP+Ply 
tested. Thus, an analysis could be performed to validate and evaluate how conservative the developed 
integrated method is by comparing both measured and calculated ignition delay times.  
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6.2.1 The radiant panel test set-up 
The radiant panel test defined in this study is simple and affordable so that the testing procedure can 
be readily followed and by which a building is monitored internally and externally. The radian panel 
set-up is presented in Figure 6.1 with an LSF wall system in place for testing.  
 
 
Figure 6.1. Small Scale Fire test set-up with the LSF wall system on-site. Distribution of 
equipment and building assembly location. 
 
A heat source is used to apply a heat load on one surface of the building system from ambient 
temperature until steady heat flow conditions within the system are observed. This study uses two 
GoGas Radimax porous burners radiant panels put together to achieve a rectangular shape of 0.4m of  
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length and 0.15m of height that was mounted on a metal frame that can be seen in Figure 6.2 and 
Figure 6.3. These are lightweight radiant panels and provide rapid thermal responses during both the 
heating and cooling periods, together with high and stable operational temperatures and thermal 
homogeneity at the emitting surface. The type of gas used was natural gas. A portable air blower, an 
air train and a gas train unit are connected to a control panel. They supply air and natural gas flow to 
the radiant burner panels by specific hoses and controls burners ignition. 
 
 
Figure 6.2. Small-scale radiant panel experimental set-up for the lbSIP wall system. 
 
Ambient temperature was measured and recorded during tests by an RTD thermocouple together with 
temperature histories that were measured and recorded across each layer of a system by 
thermocouples located at different depths. For this, type “K” thermocouples were used for both 
building systems (i.e. LSF and lbSIP+Ply). They were inserted from the unexposed surface of the 
building systems to avoid possible deviations in temperature measurements caused by heating the 
thermocouples wire (Figure 6.2). The data acquisition is made using an Agilent 34980A 
Multifunction data logger. Recorded measurements were used to analyse internal temperature 
histories. Tests were run until steady thermal conditions throughout the sample were observed. 
 
To be able to achieve more refined evaluation including the effect of structural elements on the 
system, temperature histories were measured in each layer in regions closer to and further from the 
structural elements. Thus, at least two aligned successions of thermocouples were located in the 
building systems tested in the same way described in point 5.1.1 for the LSF system case. 
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Finally, tests were recorded with a video camera placed in front of the building system (Figure 6.1), 
so that ignition delay times were measured to be ultimately compared with estimated ignition delay 
times calculated by using the integrated assessment developed by this thesis.  
 
 
6.2.2 Measurement of incident heat fluxes 
In order to obtain the incident heat flux ?̇?𝑒
"  at the surface of the system tested, a pre-test calibration 
procedure was performed by using a heat flux meter (SBG01 Hukseflux) mounted on a self-cooling 
probe system designed to minimise the influence of convective flows near the gauge as show Figure 
6.3. It was used to quantify the heat flux provided by the radiant panels at particular distances. Then, 
by placing building assemblies with the target surface placed at these distances a precise incident heat 
flux ?̇?𝑒
"  received by the surfaces was known for each distance.  
 
 
Figure 6.3. Measurement of heat flux provided by the radiant panels. 
 
For this method two distances from the radiant panels were considered, 210 mm and 180 mm, to 
study two different levels of thermal loads.  
 
To quantify these heat flux values, a heat flux measurement at these distances was performed so that 
they can be included in the integrated calculation process. Thus, the heat flux meter was placed at 
each distance, so that heat flux intensities were measured. For precision, the heat flux value at each 
distance was defined as the average value of 9 points measurements distributed evenly following a 
two-dimensional rectangular grid according to the radiant panel area as represented in Figure 6.4. 
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Figure 6.4. Front view representation of the radiant panels with the points where heat flux 
measurements where performed. 
 
As a result, a mean heat flux value of 23.7kW/m2 was measured for a distance of 210 mm from the 
radiant panels, and 28.7kW/m² when the separation distance was 180 mm. 
 
To achieve the desired heat flux onto the sample, during the heating phase of the radiant panels the 
sample was shielded with the aid of a plasterboard panel, which was placed in front of the sample 
until the heat flux provided by the radiant panels were steady. This was observed to happen in few 
minutes. Thus, ignition delay time was measured from the moment the shield was removed until 
sustained burning was observed.  
 
 
6.2.3 Measurement of critical temperature for ignition 
Temperature measurements at surfaces are difficult to achieve by using thermocouples because 
measurements are unavoidably influenced by convection processes at the surface magnified by the 
deterioration of the material surrounding thermocouple heads due to the high incident heat fluxes.  
 
Instead, it is decided to measure the surface temperature history of the plywood panel by using a FLIR 
SC 655 infrared camera as shown in Figure 6.5a. Unfortunately, only one measurement could be done 
in this study, and it was during the radiant panel test for the lbSIP+Ply panel placed at 180mm from 
the radiant panels (28.7kW/m2). 
 
Figure 6.5b shows the temperature history measured of the exposed surface of plywood where it can 
be seen the increment of temperature from the moment the thermal shield placed between the radiant 
panels and the system was removed to the time were ignition with sustained flames were observed, 
resulting a measured critical temperature for ignition of approximately 553°C with a standard 
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deviation of 238°C at ignition time. This value differs approximately 8% from the critical temperature 
for ignition used in points 5.1.5 and 5.3.3. For simplicity and to also compare easily estimated ignition 
delay values estimated in those points, the measured incident heat flux used to validate extracted 
apparent thermal inertia values was the value obtained from the literature (i.e. 600°C). 
 
 
Figure 6.5. a)Location of the infrared camera concerning the LSF system. b) Temperature 
history measurement at the exposed surface of the lbSIP+Ply placed at 180mm form radiant 
panels (28.7kW/m2). 
 
 
6.3  Case studies 
As mentioned, the radiant panel method proposed in this section can be applied to any building 
envelope component to measure fire performance using measurements of ignition delay times. 
Herein, this methodology was applied to measure ignition delay times and also internal temperature 
histories at different depths of a four LSF system samples and four lbSIP+Ply systems for analysis, 
so that two tests were performed for each radiant heat flux. All radiant tests were conducted using the 
same tests set-up and data used to describe the method proposed.  
 
 
6.3.1 The lbSIP+Ply system: test set-up and measurements. 
6.3.1.1  lbSIP+Ply system - Test 1. 
A lbSIP+Ply sample was placed at 210 mm from the radiant panels. Some thermocouples were 
inserted from the back of the sample as shown in Figure 6.6. Table 6.1 shows the depth of each 
thermocouple, as well as in what material they were placed. 
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Figure 6.6. Thermocouples located from the back of the lbSIP+Ply system when the exposed 
plywood was placed at 210mm from the radiant panels. 
 
Table 6.1. Placement of thermocouples for test 1. 
Thermocouple Depth [mm] Material 
1001 2 MgO 
1002 90 EPS 
1003 138 EPS 
1004 164 MgO 
1005 170 Plywood 
1011 174 Plywood 
1012 158 MgO 
1013 30 EPS 
1014 10 MgO 
1015 2 MgO 
1021 90 MgO 
1022 138 MgO 
1023 164 MgO 
1024 170 Plywood 
1025 174 Plywood 
1031 158 MgO 
1032 30 MgO 
1033 10 MgO 
 
 Verification of the integrated assessment method                                                                            152 
 
The panel placed in front of the sample was removed about 430 s after the start of the test. This is 
indicated by a stable and fast rise in temperature in the plywood layer, measured by thermocouple 
1011. No ignition of the plywood layer occurred. 
 
The maximum temperature reached by the plywood layer on the side of the sample where the EPS is 
present is 443°C, as can be seen in Figure 6.7. This measurement was taken by thermocouple 1011 
placed at a depth of 174 mm. In the thermal bridge, however, the highest temperature of the plywood 
layer (460°C) was reached at a depth of 170 mm, as shown in Figure 6.8.  
 
The shrinkage of the EPS happens around 90-100°C. This is indicated by the plateau given by 
thermocouple 1002 and 1003 as shown in Figure 6.7. Also, it can be seen that at a depth of 138 mm 
(TC 1003) and 90 mm (TC 1002), the temperatures are very similar throughout the test, with a delay 
of about 115 seconds.  
 
 
Figure 6.7. Temperature histories measured in the succession of thermocouples far from the 
structural element. 
0
50
100
150
200
250
300
350
400
450
500
0 500 1000 1500 2000 2500 3000 3500 4000
T 
[°
C
]
t [s]
TC 1001 (2 mm) TC 1002 (90 mm) TC 1003 (138 mm)
TC 1004 (164 mm) TC 1005 (170 mm) TC 1011 (174 mm)
TC 1012 (158 mm) TC 1013 (30 mm) TC 1014 (10 mm)
 Verification of the integrated assessment method                                                                            153 
 
 
 
Figure 6.8. Temperature histories measured in the succession of thermocouples within the 
structural element. 
 
From Figure 6.7 and Figure 6.8 it can be seen that the temperatures at a depth of 138 mm are initially 
significantly high inside the thermal bridge However,  after about 1000 seconds, the EPS incorporates 
higher temperatures. Also, at a depth of 90 mm and 30 mm, the temperatures inside the EPS are much 
higher than inside the thermal bridge. The same happens at 2 mm, where the temperatures are lower 
where the thermal bridge is present. This happens because there is a lower heat flux onto the thermal 
bridge. 
 
From Figure 6.9a it is possible to see that the plywood burned entirely in the area that was placed in 
front of the radiant panels. Also, the MgO cracked once the sample started to cool down. Figure 6.9b 
shows that the EPS shrunk and melted during the test, however, it remained unaltered in the lower 
corner that was positioned the furthest from the radiant panels. 
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Figure 6.9. a) Sample after the test. b) Inside of sample after the test. 
 
 
6.3.1.2  lbSIP+Ply system – Test 2 
A lbSIP+Ply sample was placed at 180 mm from the radiant panels. Some thermocouples were 
inserted at the back of the sample as shown in Figure 6.10 and Figure 6.11. Table 6.2 gives an 
overview of where the thermocouples were placed. 
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Figure 6.10. Placement of thermocouples for test 2. 
 
 
Figure 6.11. Thermocouples located from the back of the lbSIP+Ply system when the exposed 
plywood was placed at 180mm from the radiant panels. 
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Table 6.2. Placement of thermocouples for test 2. 
Thermocouple Depth [mm] Material 
1001 2 MgO 
1002 90 EPS 
1003 138 EPS 
1004 163 MgO 
1005 170 Plywood 
1011 175 Plywood 
1012 158 MgO 
1013 30 EPS 
1014 10 MgO 
1021 2 MgO 
1022 90 MgO 
1023 138 MgO 
1024 163 MgO 
1025 170 Plywood 
1031 175 Plywood 
1032 158 MgO 
1033 30 MgO 
1034 10 MgO 
 
The panel placed in front of the sample was removed about 345 seconds after the start of the 
measurements, as indicated by the steady rise in temperature in the plywood layer. Ignition happened 
about 42 seconds later. 
 
The maximum temperature reached in the plywood layer at a depth of 175 mm is 577°C at the thermal 
bridge, and 475°C on the side where the EPS is present.  
 
The shrinkage of the EPS happens around 90-100°C. This is indicated by the plateau given by 
thermocouple 1002 and 1003 as shown in Figure 6.13. From Figure 6.12 and Figure 6.13 it can be 
seen that the temperatures at a depth of 138 mm are higher inside the EPS than in the thermal bridge. 
Also at a depth of 90 mm and 30 mm, the temperatures inside the EPS are much higher than inside 
the thermal bridge. The same happens at 2 mm, where the temperatures are lower where the thermal 
bridge is present. This happens because there is a lower heat flux onto the thermal bridge. 
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Figure 6.12. Temperature histories measured in the succession of thermocouples on the 
structural element. 
 
Figure 6.13. Temperature histories measured in the succession of thermocouples far from the 
structural element. 
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Figure 6.14. Inside of sample after the test. 
 
Figure 6.14 shows that the EPS shrunk up to about 20 mm and melted everywhere besides in the 
lower corner the furthest from the radiant panels. 
 
 
6.3.2 The LSF system: test set-up and measurements 
6.3.2.1  LSF system - Test 3 
An LSF sample was placed at 180 mm from the radiant panels. Some thermocouples were located in-
depth at the back surface of the system as shown in Figure 6.15. Table 6.3  shows the depth of each 
thermocouple, as well as in what material they were placed. 
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Figure 6.15. Thermocouples located from the back of the LSF system when the exposed 
plywood was placed at 180mm from the radiant panels. 
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Table 6.3 Placement of thermocouples for test 3. 
Thermocouple Depth [mm] Material 
1001 10 Plasterboard 
1002 60 Mineral Wool 
1003 25 Mineral Wool 
1004 133 Plywood 
1005 124 Plywood 
1011 95 Mineral Wool 
1012 2 Plasterboard 
1021 10 Plasterboard 
1022 60 Mineral Wool 
1023 25 Mineral Wool 
1024 133 Plywood 
1025 118 Timber Batten 
1031 106 Timber Batten 
1033 95 Mineral Wool 
1034 2 Plasterboard 
1035 124 Plywood 
 
The panel placed in front of the sample was removed about 400 seconds after the start of the test. 
This is indicated by a stable and fast rise in temperature in the plywood layer, measured by 
thermocouple 1004. Ignition and sustained flame of the plywood layer were observed at 48 seconds 
from the moment the plasterboard used as a shield was removed. 
 
The maximum temperature reached by the plywood layer on the side of the sample far from the steel 
stud is 909°C, as can be seen in Figure 6.16. This measurement was taken by thermocouple 1004 
placed at a depth of 133 mm from the back of the LSF system. In the thermal bridge, however, the 
highest temperature of the plywood layer (832°C) was reached at a depth of 134 mm, as shown in 
Figure 6.17. Here it can be seen how the structural element dissipates heat from the exposed surface. 
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Figure 6.16. Temperature histories measured in the succession of thermocouples far from the 
structural element. 
 
 
Figure 6.17. Temperature histories measured in the succession of thermocouples within the 
structural element. 
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in-depth in the plywood and mineral wool layers. It can also be seen that almost all the plywood panel 
burned. Nevertheless, during the period of testing the integrity of the plasterboard layer remained in 
right conditions, so no flames passed through. 
 
 
Figure 6.18. LSF sample after the test. 
 
6.3.2.2  LSF system – Test 4 
An LSF sample was placed at 210 mm from the radiant panels. Some thermocouples were inserted 
from the back surface of the system as shown in Figure 6.19. Table 6.4 shows the depth of each 
thermocouple, as well as in what material they were placed. 
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Figure 6.19. Thermocouples located from the back of the LSF system when the exposed 
plywood was placed at 210mm from the radiant panels. 
 
Table 6.4. Placement of thermocouples for test 4. 
Thermocouple Depth [mm] Material 
1001 10 Plasterboard 
1002 60 Mineral Wool 
1003 25 Mineral Wool 
1004 133 Plywood 
1005 126 Plywood 
1011 95 Mineral Wool 
1012 2 Plasterboard 
1021 10 Plasterboard 
1022 60 Mineral Wool 
1023 25 Mineral Wool 
1024 133 Plywood 
1025 120 Timber Batten 
1031 115 Timber Batten 
1032 126 Plywood 
1033 95 Mineral Wool 
 
Similarly to the previous test, the panel placed in front of the sample was removed about 400 seconds 
after the start of the test, and this was indicated by a stable and fast rise in temperature in the plywood 
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layer, measured by thermocouple 1004. Ignition and sustained flame of the plywood layer were 
observed at 505 seconds from the moment the plasterboard used as a shield was removed. 
 
The maximum temperature reached by the plywood layer on the side of the sample far from the steel 
stud is 828°C, as can be seen in Figure 6.20. This measurement was taken by thermocouple 1004 
placed at a depth of 133 mm from the back of the LSF system. In the thermal bridge, however, the 
highest temperature of the plywood layer (848°C) was reached at a depth of 134 mm, as shown in 
Figure 6.21. Nevertheless, due to the noisy measurements, it was. challenging to identify the influence 
of structural elements in the process. 
  
 
Figure 6.20. Temperature histories measured in the succession of thermocouples far from the 
structural element. 
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Figure 6.21. Temperature histories measured in the succession of thermocouples within the 
structural element. 
 
Figure 6.22 shows the LSF system during the radiant panel test. The integrity of the plasterboard layer 
was observed during the whole test.  
 
 
Figure 6.22. LSF sample during the test. 
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6.3.3 Comparison of measured and calculated ignition delay time values 
As described previously, ignition delay times are calculated according to Eq. (3) using apparent 
thermal inertia values extracted from the thermal insulating properties, measured incident heat fluxes 
(23.7kW/m2 and 28.7 kW/m2) and measured critical temperature to ignition. The latter, however, was 
assumed to be the value found on literature (600°C) because it was closer to the unique measurement 
that could be performed in this study and for simplicity when comparing to estimated values in 
previous sections.  
 
The ambient temperature measured in the environment where the radiant panel tests were performed 
changed with time. As mentioned, for ignition calculation purposes this value is not relevant, so it 
was considered for all calculations to be 20°C.  
 
Together with the tests cases included in this section Table 6.5 includes measured ignition delay times 
from test described in Appendix F and Appendix G, from where it can be seen that there were not 
significant differences in measurements under similar conditions. Together with calculated ignition 
delays times, data in Table 6.6 includes mean ignition delay time values measured for each heat flux 
applied. 
 
Table 6.5. Measured ignition delay times values. 
Sample Test Mean Heat 
Flux (kW/m2) 
Ignition delay time 
measured (sec) 
LbSIP+Ply 1 23.7 No ignition 
LbSIP+Ply 6 23.7 No ignition 
LbSIP+Ply 2 28.7 44 
LbSIP+Ply 5 28.7 39 
LSF 4 23.7 505 
LSF 8 23.7 595 
LSF 3 28.7 48 
LSF 7 28.7 38 
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Table 6.6. Calculated and measured ignition delay times values. 
Sample Mean Heat 
Flux (kW/m2) 
Mean Ignition delay time 
measured (sec) 
Ignition delay time 
calculated (sec) 
LbSIP+Ply 23.7 No ignition 59 
LSF 23.7 550 9 
LbSIP+Ply 28.7 42 40 
LSF 28.7 43 6 
 
 
6.4  Discussion and concluding remarks 
From Table 6.6 data it can be seen that both the LbSIP+Ply and LSF exposed plywood time to ignition 
are similar when the heat flux applied is high (i.e. approx. 40 seconds when heat flux applied is 
28.7kW/m2). This can be explained because in both cases the thermal wave did not cross the plywood 
panel entirely by the time ignition occurs, so the onset of ignition was not influenced by the effect of 
posterior layers of the systems. Thus, ignition was driven mainly by the thermal inertia of the plywood 
in isolation, behaving as a semi-infinite solid. The time to ignition calculated using the apparent 
thermal inertia extracted from thermal efficiency parameters of both systems results in the same value 
or lower (i.e. LbSIP+Ply: 40 seconds and LSF: 6 seconds). In this sense, the outcome appears to be 
conservative since the remaining time for real ignition represents an additional time that can be 
considered as a safety factor.  
 
However, when lower heat flux values are applied (i.e. 23.7kW/m2) the thermal wave have time 
enough to reach the next layer material without reaching the critical temperature to ignition of the 
plywood. Under these circumstances, only the LSF plywood layer ignited. With this heat flux, the 
heat wave appears to cross the plywood layer in both systems, but in the LbSIP+Ply system case the 
heat wave reaches the MgO layer where the heat is dissipated and significantly removed sideways at 
areas receiving lower heat flux. This effect cannot happen in the LSF system because all materials 
behind the plywood have lower thermal conductivities, so the heat cannot go beyond easily. Hence, 
the heat gets concentrated within the plywood layer to achieve enough temperature to ignite finally. 
Again, calculated ignition delay times using data from insulating parameters derived for the thermal 
efficiency performance approach are much lower than real values delivering additional time value as 
a safety factor for design purposes.  
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The apparent thermal inertia values extracted from cyclic transient insulating parameters are based 
on a thermal approach where temperature variations with time are slow. However, ignition delay time 
values for materials behaving as semi-infinite solids are based on a thermal approach where temperate 
variations are much faster. Therefore, conservative values are obtained by using the integrated 
calculation method presented in this study. This explains how calculated ignition delay times values 
are much lower than measured ones. In any case, for design purposes, the resulting difference in time 
can be considered a safety factor. 
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7   Conclusions and recommendations for further work 
7.1  Conclusions 
A good agreement with the initial postulation of this thesis has been found. After detailed and 
comprehensive research, it is confirmed that optimum and balanced building component design 
solutions can be achieved, combining both building thermal-efficiency and fire performance 
disciplines, by following a transient-state thermal approach and using shared parameters capable of 
control over both fields simultaneously.  
 
Hence, this thesis succeeds in its overall aim by developing an integrated assessment approach using 
quantitative methods so that increased building energy-efficiency is effectively achieved together 
with higher household comfort and fire safety without detrimentally affecting each other. 
 
The thermal inertia is a parameter that combines material properties such the thermal conductivity, 
the density and the specific heat and it was identified by this research as the quantitative parameter 
that links both building envelope thermal and fire performance models. Fire is a transient 
phenomenon, and the thermal inertia is a key parameter that controls material flammability properties 
such as the time that it takes for solids to ignite. Current prescriptive energy-efficiency parameters 
based on a steady-state thermal approach (R-value, U-value) promote the use of materials with very 
low thermal conductivity values, often associated with very low densities that altogether imply very 
poor flammability properties when they combust. Literature review revealed that there are existing 
models for thermal performance evaluation based on a cyclic transient approach that enables a more 
realistic analysis. In this sense, the characteristic parameter to describe insulating properties is the 
cyclic transmittance “u-value” whose analytical expression includes the thermal inertia, as well as 
other important parameters such the surface admittance “y-value”.  
 
Building energy efficiency is an essential aspect of the building design process for governments to 
achieve international commitments to reduce greenhouse gas emissions. In this sense, this thesis 
justified that a transient model can effectively improve building thermal performance assessment so 
that optimised solutions can be obtained where less energy is used to maintain indoor occupant 
comfort temperature conditions.  
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Two different analyses revealed that building envelope systems with the same R-values can 
effectively deliver different building thermal performance and that this deviation is more evident in 
geographical locations where daily temperature variations are significant and close to temperature 
comfort conditions. In this case, the cyclic transmittance “u-value” through the “decrement factor” 
reveals the difference and hence allow design decisions to achieve better building thermal 
performance. 
 
For the development of an integrated method it was revealed from the literature review that numerical 
methods allow the quantitative analysis of current building assemblies with complex geometries. It 
was also found that the information needed to populate a numerical model can be extracted from 
affordable and accessible small-scale tests. Large-scale and medium-scale experimental procedures 
do not provide this information, but they can be used to validate performance predicted by numerical 
models.  
 
In particular, the weaknesses of the current Hot Box standardised method to characterise the steady-
state R-value were identified and described. First, that only measurements external to the building 
assembly are obtained, and hence there is no available information to validate the internal heat transfer 
process that can be modelled numerically. Second, the Hot Box method is costly and time-consuming. 
Finally, and similarly to standardised reaction to fire experiment tests, it was found that the definition 
of experimental heat load and boundary conditions are difficult to extract. 
 
Therefore, novel small-scale thermal experimental tests were developed and presented for the 
characterisation of building components insulating properties. By doing this, the project achieves the 
specific objective 3 and demonstrates that a numerical method complemented with a simple and 
accessible small-scale thermal test delivers information just as reliably as the standardised 
experimental Hot Box method to measure insulating properties of building components under steady 
thermal conditions (i.e. R-value) and also transient thermal conditions. Further, the method enables 
an enriched assessment for design purposes since it allows the quantification of the contribution of 
each element of the building system to the overall insulating capabilities.  
 
The integrated assessment approach presented in this study focuses on thermal performance criteria 
to evaluate flammability properties so that fire performance can be controlled in the early stages of 
the design process. Nevertheless, since fire occurs in much shorter periods of time than thermal 
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performance, estimations calculated from the proposed integrated method result in conservative 
values.  
 
The use of the integrated method presented in this study is limited to the assessment of the 
flammability properties of those building assemblies containing combustible materials on either 
external claddings or internal linings. Nevertheless, the method presented sets the basis for the 
development of more comprehensive integrated assessment methodologies that enable, for instance, 
the evaluation of flammability properties of encapsulated combustible materials and the mechanical 
performance of encapsulation. 
 
 
7.2  Recommendations for further work 
This study highlighted, and analysed building fire safety vulnerabilities derived from strict energy 
efficiency prescriptive parameters included in building codes and policies to meet greenhouse gas 
emissions reduction commitments. In this sense, this thesis focused on the integration of building 
thermal and fire performance disciplines, so that the occupant’s safety is not compromised while 
building thermal efficiency is improved. Nevertheless, the building design process addresses other 
aspects that can also be included in a holistic approach for building design optimisation. Hence, the 
work presented in this thesis represents a starting point of further work that can be distributed in two 
directions. 
 
With respect to the integrated methodology presented in this thesis gathering building thermal and 
fire performance the following work is recommended to be performed: 
 
- To be able to quantify the influence of daily temperature variations on the total heat flow through 
a building system in different climate conditions, this study considered external wall systems 
only. Therefore, future studies should be made for building systems such as roofs and floors, 
which complete the BCA energy efficiency DTS scheme according to the new criteria proposed.  
- Throughout this thesis, it was demonstrated using quantitative methods that a heavier building 
envelope improves energy efficiency and also improves indoor temperature conditions when 
external temperature variations are deemed into the study in isolation. Experimental validation 
should be conducted to enhance understanding and confidence about models. 
- This thesis used the prefab housing approach as a framework to develop an integrated assessment 
approach using a novel and simple method for characterising insulating properties of building 
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components including the effect of thermal bridges and construction imperfections (such as R-
value, U-value, u-value and y-value).  Following to this and for prefab housing, in particular, it 
should be investigated more comprehensive methodologies to determine the specific insulating 
capabilities of construction volumes including thermal bridge effects of edges and corners so that 
more realistic estimation of insulating capabilities can be obtained. 
- Further research work should be performed to extend the application of the integrated 
methodology presented in this study so that it can also be estimated critical flammability 
properties of encapsulated insulating and combustible materials. 
- The number of case studies should be extended to more different building assembly designs so 
that a better understanding of resulting estimated conservative values can be achieved. 
 
With respect to the optimisation design process by including other building design aspects to enhance 
the integrated assessment approach the following work is recommended to be performed: 
 
- The integrity of the encapsulation is one of the critical aspects that can effectively compromise 
positive assessment outcomes when integrating thermal and fire performance. Since the proposed 
method uses numerical tools, it should serve as an input for mechanical models addressing the 
performance of encapsulation. This integration should be investigated to achieve more refined 
information. 
- The integrated assessment approach combining thermal and fire performance disciplines include 
parameters that are also relevant for the evaluation of other building design aspects. In this regard, 
the integration of disciplines such as acoustics should be considered, where the density of 
materials plays an important role to control the sound transmission loss property.  
- Humidity plays an important role in large regions of Australia when assessing building comfort 
conditions and evaporating, and condensation effects can effectively vary the outcome of indoor 
temperature estimations. Therefore, the possibilities to integrate moisture transfer processes 
should also be investigated to explore the particular situation of tropical and subtropical regions. 
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Appendix A  Australian weather and building classification 
A good description of the climate conditions of a potential building site allows deciding aspects which 
potentially affect the building thermal performance [99]. Traditionally, climate classifications delimit 
regions in maps with similar weather conditions deeming parameters such as air temperature, solar 
radiation, wind speed and humidity among others. The most generally used system of climate 
classification is the map developed by Wladimir Köppen. In 1961, Rudolf Geiger presented the latest 
version of this classification. It is developed based on the concept that native vegetation is the best 
expression of climate in an area. More recently M. Kottek updated the Köppen-Geiger climate 
classification with recent data from the Climatic Research Unit (CRU) of the University of East 
Anglia and the Global Precipitation Climatology Centre (GPCC) at the German Weather Service 
[100]. Figure A.1 and Table A.1 show the outcome of this study, particularly for Australia. 
 
Figure A.1. Updated Australian Map of the Köppen-Geiger climate classification. Extracted 
from [100]. 
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Table A.1. Key definitions on the updated Australian Map of Köppen−Geiger Climate 
Classification. Extracted from [100]. 
 
 
The Australian Bureau of meteorology developed some map classifications for different applications. 
Based on Köppen classification, the Bureau defined the climate classification map of Australia 
(Figure A.2 and Figure A.3). For building design purposes, particular attention must be made to the 
climate zones classification map based on temperature and humidity data collected over the period 
1961 to 1990. It identifies six zones based on a set of definitions relating to summer and winter 
conditions. This national bureau manages a rich source of climate data, which include historically 
recorded data from over 20,100 Automatic Weather Stations (AWS) on different Australian locations 
[92]. The measured temperature, humidity, solar radiation, wind speed, pressure and sunshine 
duration along other environmental parameters of inestimable value for the research activity 
concerning on the research of thermal building performance. 
 
Main climates Precipitation Temperature
A: equatorial W: desert a: hot summer
B: arid S: steppe b: warm summer
C: warm temperate f: fully humid c: cool summer
D: snow s: summer dry d: extremely continental
E: polar w: winter dry h: hot arid
m: monsoonal k: cold arid
F: polar frost
T: polar tundra
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Figure A.2. Climate classification of Australia based on Köppen's classification. Extracted 
from [92]. 
 
 
Figure A.3. Australian climate zones based on temperature and humidity. Extracted from 
[92]. 
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The Australian Building Codes Board (ABCB) through the National Construction Code (NCC) has 
also developed a climate classification following a similar procedure as that of the Australian Bureau 
of Meteorology. However, it adds two climate zones more in order to accommodate an additional 
temperate zone and the alpine area (Table A.2 and Figure A.4).  
 
Table A.2. Description of the Australian NCC climate zone classification. Extracted from [92]. 
 
 
Figure A.4. The National Construction Code climate zone map. Extracted from [92]. 
 
This climate classification is essential for this research since it is used to adjust the energy efficiency 
Deemed-to-Satisfy Provisions (DtS) included in the Australian Building Code (BCA) to the 
Australian varied climate locations. Thus, findings throughout the research project involving thermal 
performance issues could be compared with the current code provisions summarised in to evaluate 
potential improvements.  
Australian 
Climate Zone Description of NCC climate zone
1 High humidity summer, warm winter
2 Warm humid summer, mild winter
3 Hot dry summer, warm winter
4 Hot dry summer, cool winter
5 Warm temperate
6 Mild temperate
7 Cool temperate
8 Alpine 
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Appendix B  Definition of Australian daily and seasonal temperature 
variations 
 
 
Figure B.1. Outdoor and design indoor temperature variations: Australian Climate Zone 1. 
 
Figure B.2. Outdoor and design indoor temperature variations: Australian Climate Zone 2. 
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Figure B.3. Outdoor and design indoor temperature variations: Australian Climate Zone 3. 
 
Figure B.4. Outdoor and design indoor temperature variations: Australian Climate Zone 4. 
 
Figure B.5. Outdoor and design indoor temperature variations: Australian Climate Zone 5. 
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Figure B.6. Outdoor and design indoor temperature variations: Australian Climate Zone 6. 
 
Figure B.7. Outdoor and design indoor temperature variations: Australian Climate Zone 7 
 
Figure B.8. Outdoor and design indoor temperature variations: Australian Climate Zone 8. 
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Figure B.9. Outdoor and design indoor temperature variations: Pacific Ocean. 
 
Figure B.10. Outdoor and design indoor temperature variations: Antarctica. 
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Appendix C  New criteria: F-values 
Based on the prefabricated housing case proof-of-concept, this work proposes new prescriptive 
criteria for building design, which includes daily and seasonal temperature variations and tailors 
building component system design to its specific geographical locations. 
 
As discussed previously, all building systems in Australian climate zones have a certain level of heat 
flow, which is not limited by the current code if daily temperature variations are considered. Thus, 
introducing a transient model thermal parameter allows for the inclusion and limitation of the heat 
flow due to daily temperature variations to the total conduction heat flow through a building system. 
As demonstrated, this transient model parameter is the decrement factor "f", or F-value. 
 
In order to include a minimum F-value to be achieved by building systems on Australian climate 
classification, criteria based on the current BCA Deemed-to-satisfy provisions for thermal efficiency 
have been developed. To do this, Table C.1 considers a hypothetical building system that satisfies the 
BCA R-values requirements for each Australian climate zone [7].  
 
Table C.1. F-values considered for each BCA Australian climate classification according to new 
criteria. 
 
Steady State 
approach
No F-value
BCA Climate/R-Value Australian location mQ sQ
% over 
mQ sQ
% over 
mQ sQ
% over 
mQ sQ
% over 
mQ sQ
% over 
mQ sQ
% over 
mQ
Zone 1 Coconut Island (Torres Strait Islands) 1.00 W 1.11 W 11% 1.00 W 0% 0.89 W -11% 0.78 W -22% 0.67 W -33% 0.56 W -44%
R2.8 Darwin Airport NT 0.93 W 1.58 W 69% 1.42 W 52% 1.26 W 35% 1.11 W 18% 0.95 W 1% 0.79 W -16%
Cairns Aero QLD 1.01 W 1.47 W 45% 1.32 W 31% 1.18 W 16% 1.03 W 2% 0.88 W -13% 0.73 W -27%
Port Hedland Airport WA 1.42 W 2.47 W 74% 2.22 W 57% 1.97 W 39% 1.73 W 22% 1.48 W 4% 1.23 W -13%
Zone 2 Rockhampton Aero QLD 2.26 W 2.09 W -7% 1.88 W -17% 1.67 W -26% 1.46 W -35% 1.25 W -44% 1.04 W -54%
R2.8 BRISBANE Aero QLD 2.60 W 1.74 W -33% 1.56 W -40% 1.39 W -47% 1.22 W -53% 1.04 W -60% 0.87 W -67%
Toowoomba Airport QLD 3.46 W 1.87 W -46% 1.69 W -51% 1.50 W -57% 1.31 W -62% 1.12 W -68% 0.94 W -73%
Coffs Harbour MO NSW 3.03 W 1.67 W -45% 1.50 W -50% 1.33 W -56% 1.17 W -61% 1.00 W -67% 0.83 W -72%
Zone 3 Tennant Creek Airport NT 1.74 W 2.16 W 24% 1.94 W 12% 1.73 W -1% 1.51 W -13% 1.29 W -26% 1.08 W -38%
R2.8 Longreach Aero QLD 2.50 W 2.79 W 11% 2.51 W 0% 2.23 W -11% 1.95 W -22% 1.67 W -33% 1.40 W -44%
Alice Springs Airport NT 3.37 W 2.77 W -18% 2.50 W -26% 2.22 W -34% 1.94 W -42% 1.66 W -51% 1.39 W -59%
Thargomindah - Cunnamulla Post Office QLD 3.27 W 2.48 W -24% 2.23 W -32% 1.98 W -39% 1.73 W -47% 1.49 W -54% 1.24 W -62%
Zone 4 Murchison WA 2.93 W 2.85 W -3% 2.56 W -13% 2.28 W -22% 1.99 W -32% 1.71 W -42% 1.42 W -52%
R2.8 Wiluna WA 3.23 W 2.66 W -18% 2.39 W -26% 2.13 W -34% 1.86 W -42% 1.60 W -51% 1.33 W -59%
Oodnadatta Airport SA 3.16 W 2.59 W -18% 2.33 W -26% 2.07 W -34% 1.81 W -43% 1.55 W -51% 1.29 W -59%
Mildura Airport VIC 3.86 W 2.41 W -37% 2.17 W -44% 1.93 W -50% 1.69 W -56% 1.45 W -62% 1.21 W -69%
Zone 5 Perth Airport WA 3.09 W 2.21 W -29% 1.99 W -36% 1.77 W -43% 1.54 W -50% 1.32 W -57% 1.10 W -64%
R2.8 Mangrove Mountain NSW 3.66 W 1.79 W -51% 1.61 W -56% 1.43 W -61% 1.25 W -66% 1.08 W -71% 0.90 W -76%
Sydney Airport AMO NSW 3.30 W 1.57 W -52% 1.42 W -57% 1.26 W -62% 1.10 W -67% 0.94 W -71% 0.79 W -76%
Adelaide Airport SA 3.59 W 1.80 W -50% 1.62 W -55% 1.44 W -60% 1.26 W -65% 1.08 W -70% 0.90 W -75%
Zone 6 Ravensthorpe WA 3.45 W 2.19 W -36% 1.97 W -43% 1.75 W -49% 1.54 W -56% 1.32 W -62% 1.10 W -68%
R2.8 Orchard Hills -  Penrith Lakes AWS NSW 3.43 W 2.18 W -36% 1.97 W -43% 1.75 W -49% 1.53 W -55% 1.31 W -62% 1.09 W -68%
Kingston - Cape Jaffa (The Limestone) SA 3.62 W 1.60 W -56% 1.44 W -60% 1.28 W -65% 1.12 W -69% 0.96 W -74% 0.80 W -78%
Melbourne Airport VIC 4.01 W 1.83 W -54% 1.65 W -59% 1.47 W -63% 1.28 W -68% 1.10 W -73% 0.92 W -77%
Zone 7 Canberra - Tuggeranong (Isabella Plains) AWS ACT 4.77 W 2.48 W -48% 2.23 W -53% 1.98 W -58% 1.74 W -64% 1.49 W -69% 1.24 W -74%
R2.8 Cape Sorell TAS 3.96 W 0.98 W -75% 0.88 W -78% 0.78 W -80% 0.68 W -83% 0.59 W -85% 0.49 W -88%
Hobart Airport TAS 4.24 W 1.69 W -60% 1.52 W -64% 1.35 W -68% 1.18 W -72% 1.01 W -76% 0.84 W -80%
Scotts Peak Dam TAS 4.73 W 1.56 W -67% 1.40 W -70% 1.25 W -74% 1.09 W -77% 0.93 W -80% 0.78 W -84%
Zone 8 Mount Hotham VIC 4.97 W 0.79 W -84% 0.71 W -86% 0.64 W -87% 0.56 W -89% 0.48 W -90% 0.40 W -92%
R3.8 Mount Buller VIC 4.74 W 0.85 W -82% 0.76 W -84% 0.68 W -86% 0.59 W -87% 0.51 W -89% 0.42 W -91%
Liawenee TAS 4.25 W 1.38 W -67% 1.24 W -71% 1.11 W -74% 0.97 W -77% 0.83 W -80% 0.69 W -84%
Mount Read TAS 4.28 W 0.78 W -82% 0.70 W -84% 0.62 W -85% 0.55 W -87% 0.47 W -89% 0.39 W -91%
F1
F1
F0.8
F-value 
proposed 
(Acc. criteria)
F0.5
F1
F1
F1
F1
Cyclic Transient State approach
F1 F0.9 F0.8 F0.7 F0.6 F0.5
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From this, and together with the historical climate data for some Australian locations, the amount of 
conduction heat flow allowed to be transferred through this hypothetical building system due to 
maximum seasonal temperature differences only (i.e. steady state approach) has been calculated. By 
using these same findings, the same hypothetical building system but with increasing thermal mass 
(i.e. decreasing F-value) is calculated, along with their conduction heat flow due to daily temperature 
variations for every Australian location considered.  
 
The criteria followed lies on setting a similar heat flow limitation stated by the BCA for seasonal 
temperature differences (i.e. steady state approach) to the amount of heat flow due to daily 
temperature variations (i.e. cyclic transient state approach). The F-value is set for each climate zone 
when the amount of conduction heat flow on this hypothetical building system due to daily 
temperature variations start reaching lower values than those achieved by seasonal temperature 
variations in all four Australian locations deemed on this study for each climate zone.  
 
Thus, it is seen in Table C.1 an F-value of at least 1 could be enough for most cases to get a more 
realistic approach to the real conduction heat flow through a building system. Those building systems 
located on Australian climate zones with higher influence from daily temperature variations and less 
from seasonal temperature differences should include a higher level of capacitive insulation (i.e. 
lower F-value). Thus, for Climate zone 1 building systems follow the criteria established when F-
values are equal or less than 0.5. In the same way, it is appropriate an F-value of at least 0.8 for those 
building systems on Australian climate zone 3. 
 
This underlines the earlier theories of Steven V. Szokolay [8] and shows the relevance of this process 
for Australian conditions. By default, it also illustrates that the current paradigm of R-Value 
performance based on steady-state modelling is more suited to the Northern European climate where 
it was most substantially developed and implemented, and less for climate conditions, such as those 
prevalent in many populated areas of Australia. 
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Appendix D  Extended calculation of building indoor temperature in 
an Australian prefab house 
 
 
Figure D.1. Case A and B Indoor Temperature variations at Coconut Island (Queensland), 
Australian Climate Zone 1, 15th July. 
 
 
Figure D.2. Case A and B Indoor Temperature variations at Coconut Island (Queensland), 
Australian Climate Zone 1, 15th January. 
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Figure D.3. Case A and B Indoor Temperature variations at Brisbane (Queensland), 
Australian Climate Zone 2, 15th July. 
 
 
Figure D.4. Case A and B Indoor Temperature variations at Brisbane (Queensland), 
Australian Climate Zone 2, 15th January. 
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Figure D.5. Case A and B Indoor Temperature variations at Alice Spring (Northern 
Territory), Australian Climate Zone 3, 15th July. 
 
 
Figure D.6. Case A and B Indoor Temperature variations at Alice Spring (Northern 
Territory), Australian Climate Zone 3, 15th January. 
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Figure D.7. Case A and B Indoor Temperature variations at Mildura (Victoria), Australian 
Climate Zone 4, 15th July. 
 
 
Figure D.8. Case A and B Indoor Temperature variations at Mildura (Victoria), Australian 
Climate Zone 4, 15th January. 
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Figure D.9. Case A and B Indoor Temperature variations at Sydney (New South Wales), 
Australian Climate Zone 5, 15th July. 
 
 
Figure D.10. Case A and B Indoor Temperature variations at Sydney (New South Wales), 
Australian Climate Zone 5, 15th January. 
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Figure D.11. Case A and B Indoor Temperature variations at Melbourne (Victoria), 
Australian Climate Zone 6, 15th July. 
 
 
Figure D.12. Case A and B Indoor Temperature variations at Melbourne (Victoria), 
Australian Climate Zone 6, 15th January. 
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Figure D.13. Case A and B Indoor Temperature variations at Hobart (Tasmania), Australian 
Climate Zone 7, 15th July. 
 
 
Figure D.14. Case A and B Indoor Temperature variations at Hobart (Tasmania), Australian 
Climate Zone 7, 15th January. 
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Figure D.15. Case A and B Indoor Temperature variations at Mount Read (Tasmania), 
Australian Climate Zone 8, 15th July. 
 
 
Figure D.16. Case A and B Indoor Temperature variations at Mount Read (Tasmania), 
Australian Climate Zone 8, 15th January. 
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Figure D.17. Case A and B Indoor Temperature variations at Macquarie Island (Tasmania), 
15th July. 
 
 
Figure D.18. Case A and B Indoor Temperature variations at Macquarie Island (Tasmania), 
15th January. 
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Figure D.19. Case A and B Indoor Temperature variations at Davis Base (Antarctica), 15th 
July. 
 
 
Figure D.20. Case A and B Indoor Temperature variations at Davis Base (Antarctica), 15th 
January. 
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Appendix E  Sensitivity analysis of the LSF Building system for a 
design change strategy 
Since the SSTT delivers test information for each material of the building system sampled, a real 
contribution of principal element components to the overall Rc;op can be established, from which the 
overall R-value is obtained according to particular surface resistance values. This way, building 
designers can rely on realistic analysis for design decision purposes.  
 
Table E.1 and Table E.2 show how the overall Rc;op of both LSF system cases tested varies when 
changing the thermal conductivity values of each component. Indeed the resulting apparent thermal 
conductivity of the air cavity is lower in the sample tested when the internal lining is exposed, so the 
sensitivity analysis always delivers higher Rc;op. As expected from this analysis, it can be seen that 
the material used for structural purposes has the most significant impact on the overall Rc;op with 
respect to the equivalent homogeneous system, and when selecting a material with 75% lower thermal 
conductivity, the overall Rc;op of the system improves by 53% closer to the ideal homogeneous system. 
Alternatively, the next material that could be changed is the material used to create the air cavity (i.e. 
timber batten) which can improve the overall Rc;op up to 45%. 
 
Table E.1. Sensitivity analysis for the LSF System – internal lining exposed case. 
LSF system layer 
kbase  
(W/mK) 
kbase+75% 
(W/mK) 
Overall 
Rc;op 
(W/m²K) 
kbase+75% 
Comparison 
with Rc;op 
Base design 
(1.2W/m2K) 
kbase-75% 
(W/mK) 
Overall 
Rc;op 
(W/m²K)  
kbase-75% 
Comparison 
with Rc;op 
Base design 
(1.2W/m2K) 
External Cladding 0.183 0.320 1.1 -7% 0.046 1.5 25% 
Timber Batten 0.173 0.304 1.1 -10% 0.043 1.7 45% 
Steel Frame 30 52.500 1.0 -16% 7.500 1.8 53% 
Mineral Wool 0.033 0.058 1.0 -12% 0.008 1.3 14% 
Internal Lining 0.234 0.410 1.1 -6% 0.059 1.4 22% 
Air cavity 0.017 0.030 1.1 -5% 0.004 1.3 8% 
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Table E.2. Sensitivity analysis for the LSF System – external cladding exposed case. 
LSF system layer 
kbase 
(W/mK) 
kbase+75% 
(W/mK) 
Overall 
Rc;op 
(W/m²K) 
kbase+75% 
Comparison 
with Rc;op 
Base design 
(1.0 m2K/W) 
kbase-75% 
(W/mK) 
Overall 
Rc;op 
(W/m²K) 
kbase-75% 
Comparison 
with Rc;op 
Base design 
(1.0 m2K/W) 
External cladding 0.183 0.320 1.0 -7% 0.046 1.3 22% 
Timber Batten 0.173 0.304 1.0 -9% 0.043 1.3 29% 
Steel Frame 30 52.500 0.9 -16% 7.500 1.6 53% 
Mineral Wool 0.033 0.058 0.9 -16% 0.008 1.2 17% 
Internal Lining 0.234 0.410 1.0 -8% 0.059 1.3 24% 
Air cavity 0.083 0.146 1.0 -5% 0.021 1.1 5% 
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Appendix F  Radiant panel tests on lbSIP+Ply and extended results  
F.1 Set-up radiant test panels 
F.1.1 lbSIP+Ply system - Test 5 
The sample which included the plywood was placed 180 mm from the radiant panels. Thermocouples 
were inserted from the back of the sample as shown in Figure F.1 and Figure F.2. Table F.1 gives an 
overview of where the thermocouples were placed. 
 
 
Figure F.1. Placement of thermocouples for test 5. 
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Figure F.2. Close up of placement of thermocouples in test 5. 
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Table F.1. Placement of thermocouples for test 5. 
Thermocouple Depth [mm] Material 
1001 2 MgO 
1002 90 EPS 
1003 138 EPS 
1004 164 MgO 
1005 170 Plywood 
1011 175 Plywood 
1012 158 MgO 
1013 30 EPS 
1014 10 MgO 
1021 2 MgO 
1022 90 MgO 
1023 138 MgO 
1024 164 MgO 
1025 170 Plywood 
1031 175 Plywood 
1032 158 MgO 
1033 30 MgO 
1034 10 MgO 
 
 
F.1.2 lbSIP+Ply system - Test 6 
The sample which included the plywood was placed 210 mm from the radiant panels. Thermocouples 
were inserted from the back of the sample as shown in Figure F.3 and Figure F.4. Table F.2 gives an 
overview of where the thermocouples were placed. 
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Figure F.3. Placement of thermocouples for test 6. 
 
 
Figure F.4. Close up of placement of thermocouples in test 6. 
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Table F.2. Placement of thermocouples for test 6. 
Thermocouple Depth [mm] Material 
1001 2 MgO 
1002 90 EPS 
1003 138 EPS 
1004 163 MgO 
1005 170 Plywood 
1011 175 Plywood 
1012 158 MgO 
1013 30 EPS 
1014 10 MgO 
1021 2 MgO 
1022 90 MgO 
1023 138 MgO 
1024 163 MgO 
1025 170 Plywood 
1031 175 Plywood 
1032 158 MgO 
1033 30 MgO 
1034 10 MgO 
 
 
F.2 Results 
F.2.1 lbSIP+Ply system - Test 5 
From video data, it is possible to see that the protective panel was removed 4 minutes and 29 seconds 
after the start of the recording. Ignitions happened 39 seconds later. No temperature data was 
available. Figure F.5 shows the sample once the test was concluded. 
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Figure F.5. Sample after the test. 
 
Figure F.6 shows that the EPS shrunk and melted, however, in the lower corner the furthest from the 
radiant panels, the EPS did not melt or shrink. 
 
Figure F.6. Sample after the test. 
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F.2.2 lbSIP+Ply system - Test 6 
The panel placed in front of the sample was removed about 515 s after the start of the test. This is 
indicated by a steady rise of temperature recorded by the thermocouples placed in the plywood layer. 
Ignition did not occur. 
The maximum temperature reached in the plywood layer at a depth of 175 mm is 620°C at the thermal 
bridge, and 450°C on the side where the EPS is present. Figure F.7 shows the temperatures inside the 
thermal bridge at different depths. It is noticeable that the temperatures at 163 mm are higher than 
those at 170 mm.  
 
The shrinkage of EPS happens around 90-100°C. This is indicated by the plateau given by 
thermocouple 1002, 1003 and 1013 as shown in Figure F.8. The EPS melted onto the thermocouples, 
thus making them unable to read the temperatures in the gas phase. This is why there is a plateau in 
the reading of thermocouples 1002, 1003 and 1013 after about 2300 s in Figure F.8. From Figure F.7 
and Figure F.8, it can be seen that the temperatures at a depth of 138 mm are higher inside the EPS 
than in the thermal bridge. Also at a depth of 90 mm and 30 mm, the temperatures inside the EPS are 
much higher than inside the thermal bridge. The same happens at 2 mm, where the temperatures are 
lower where the thermal bridge is present. This happens because there is a lower heat flux onto the 
thermal bridge. 
 
 
Figure F.7. Temperatures histories in the thermal bridge. 
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Figure F.8. Temperature histories far from structural elements. 
 
Figure F.9 shows that the EPS shrunk up to about 35 mm (Figure F.11) and melted everywhere 
besides in both lower corners; this can be seen as well in Figure F.8. 
 
Figure F.9. Sample after the test. 
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Figure F.10. EPS in the lower right corner. 
 
 
Figure F.11. EPS in the upper right corner. 
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Appendix G  Radiant panel tests on LSF and extended results  
G.1  Set-up radiant test panels 
G.1.1  LSF system – Test 7 
In this test, the sample is placed 180mm away from the panels and thermocouples are placed on the 
unexposed surface of the LSF sample according to Figure G.1. 
 
 
Figure G.1. Location of thermocouples in test 7. 
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Table G.1. Placement of thermocouples for test 7. 
Thermocouple Depth [mm] Material 
1001 10 Plasterboard 
1002 60 Mineral Wool 
1003 25 Mineral Wool 
1004 132 Plywood 
1011 127 Plywood 
1012 95 Mineral Wool 
1013 2 Plasterboard 
1021 10 Plasterboard 
1022 60 Mineral Wool 
1023 25 Mineral Wool 
1024 132 Plywood 
1025 120 Timber Batten 
1031 100 Timber Batten 
1032 127 Plywood 
1033 95 Mineral Wool 
1034 2 Plasterboard 
 
 
G.1.2  LSF system - Test 8 
In this test, the sample is placed 210mm away from the panels and thermocouples are placed from the 
unexposed surface of the LSF sample according to Figure G.2. 
 
Figure G.2. Location of thermocouples in test 8. 
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Table G.2. Placement of thermocouples for test 8. 
Thermocouple Depth [mm] Material 
1001 10 Plasterboard 
1002 60 Mineral Wool 
1003 25 Mineral Wool 
1004 133 Plywood 
1005 126 Plywood 
1011 95 Mineral Wool 
1012 2 Plasterboard 
1021 10 Plasterboard 
1022 60 Mineral Wool 
1023 25 Mineral Wool 
1024 133 Plywood 
1025 120 Timber Batten 
1031 115 Timber Batten 
1032 126 Plywood 
1033 95 Mineral Wool 
 
G.2  Results 
G.2.1  LSF system - Test 7 
According to the data the protection is removed around 5mns, we can see that the temperature start 
increasing at this moment. This sample ignites in 38 seconds after that the sample was exposed to the 
heat.  
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Figure G.3. Temperature histories in-depth far from the structural element. 
 
 
Figure G.4. Temperature histories in-depth in the structural element. 
 
 
G.2.2  LSF system – Test 8 
According to the data the protection is removed around 5mns, we can see that the temperature 
start increasing at this moment. Sustained flames were observed in 595 seconds after that the 
sample was exposed to the heat.  
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Figure G.5. Temperature histories in-depth far from the structural element. 
 
 
Figure G.6. Temperature histories in-depth in the structural element. 
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